Systems Level Processing of Memory in the Fly Brain: A Dissertation by Krashes, Michael Jonathan
University of Massachusetts Medical School 
eScholarship@UMMS 
GSBS Dissertations and Theses Graduate School of Biomedical Sciences 
2009-05-10 
Systems Level Processing of Memory in the Fly Brain: A 
Dissertation 
Michael Jonathan Krashes 
University of Massachusetts Medical School 
Let us know how access to this document benefits you. 
Follow this and additional works at: https://escholarship.umassmed.edu/gsbs_diss 
 Part of the Amino Acids, Peptides, and Proteins Commons, Animal Experimentation and Research 
Commons, and the Nervous System Commons 
Repository Citation 
Krashes MJ. (2009). Systems Level Processing of Memory in the Fly Brain: A Dissertation. GSBS 
Dissertations and Theses. https://doi.org/10.13028/gef8-e828. Retrieved from 
https://escholarship.umassmed.edu/gsbs_diss/419 
This material is brought to you by eScholarship@UMMS. It has been accepted for inclusion in GSBS Dissertations and 
Theses by an authorized administrator of eScholarship@UMMS. For more information, please contact 
Lisa.Palmer@umassmed.edu. 
i 
Systems level processing of memory in the fly brain 
 
 
 
 
A Dissertation Presented 
By 
 
Michael Jonathan Krashes 
 
 
 
 
 
 
 
 
Submitted to the Faculty of the 
University of Massachusetts Graduate School of Biomedical Sciences, Worcester 
In partial fulfillment of the requirements for the degree of 
 
 
Doctor of Philosophy 
 
 
May 22, 2009 
 
Neuroscience Program 
 
 
 
 
 

iii 
 
Dedication 
I want to dedicate this to my supportive mother for inspiring and infusing me with an 
intense work ethic and resiliency. This Ph.D. represents not only all the years she has 
stood by my side but serves as a reminder that she is responsible for making me the 
person I am today. I also want to dedicate this to my loving wife Natalia who fills my life 
with happiness and laughter everyday. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
iv 
 
Acknowledgements 
During the tortuous composition of this thesis, I’ve been eagerly anticipating 
writing this section because I thought it would be straightforward. I envisioned a quick, 
few words recognizing the individuals responsible for sculpting me into the scientist that 
I am. It is only now that I’m coming to the realization that so many people have helped 
me over the last four and half years and expressing my gratitude to them all is a lot more 
work then I predicted. Hopefully, I won’t forget to mention anyone. 
First and foremost I need to thank my graduate advisor, Scott Waddell. I’m pretty 
certain that I could write an entire novel on how instrumental he has been on my life. 
When I was at my lowest point, prepared to give up on school, I was convinced to rotate 
in his lab and give fruit flies a fighting chance. From day one, Scott was extremely 
friendly and approachable. My first impressions were he seemed intellectual and caring, 
although it took me a solid four months to understand a word he was saying. Sometimes, 
in the first few weeks I’d be sitting in his office and he would drone on about how great 
an experiment this would be or that would be, and all I could picture was him with a 
blue-painted face riding horseback brandishing a broad sword dressed in a kilt screaming 
at the top of his lungs “They may take our lives, but they will never take our 
FREEDOM!!!” as he galloped out to meet the English. However, as time passed and I 
acclimated to his silly accent, I came to the realization that this was the smartest person 
I’ve ever met. Scott immediately got me involved working on some key projects. He even 
entrusted me with his baby, the dorsal paired medial neurons (What?....you thought I was 
going to say Clara). He constantly encouraged me to read the literature and ask questions 
v 
when I needed answers. He listened to my ridiculous ideas and I to his. We worked 
exceptionally well with one another and have been reasonably successful. A lot of this 
has to do with the fact we possess the maturity level of a ten-year old and will go to 
extreme lengths to elicit a laugh. I’m pretty confident knowing the relationship we’ve 
forged over the years is unlike that of most, or for that matter any, student-mentor 
rapports, and I mean that in the least disturbing way. But his strengths stretch way 
beyond his personality and frame of mind. He is a competitor whose short-term and long-
term goal is to dominate the learning and memory field. Through his hard work and 
constant motivating of other including myself, I firmly believe he is well on his way. I 
know this is getting a bit long, but I also want to acknowledge how influential Scott has 
been on shaping my way of thinking, my experimental approach to problems and 
planning for a future in science. One last anecdote and then I’ll move on. Very recently I 
was struggling mightily deciding on post-doctoral position. The truth was I always knew 
where my interests lied and where I’d be happy, but I was hesitant to pursue the science I 
was most passionate about for fear of failure. Scott dedicated an entire week assuaging 
my doubts and even went so far as sending my new boss a detailed message when he 
deemed I sold myself short. Again, I could go on and on about how Scott has impacted 
my career but I just used the last tissue and need to move on. 
Next, I want to give a special thank you to three members of the Waddell lab 
family. If you’ve ever come across Alex Keene, you will agree there is something off 
about him. He’s dangerously messy, a tad conceited and overly controversial. However, 
he is also intelligent beyond his years. Alex was single-handedly responsible for 
convincing me to rotate in Scott’s lab and very generously invited me into his world of 
vi 
fly behavior. Our collaboration has been quite lucrative and I owe so much to him not 
only for his training but for his unselfishness in allowing me to work with him on his 
initial projects. My graduate years would have been cut short if it wasn’t for Ben Leung, 
a supercomputer encased in a human body. I can’t describe how important he has been in 
facilitating my growth and understanding from student to doctor. He’s seriously a 
scientific reference that belongs on a bookshelf, an endless wealth of knowledge that 
many of us undervalue. He even listened to my qualifier presentation late at night and 
asked me some tough questions that resulted in me repeatedly banging my head on the 
wall exclaiming how stupid I was. But instead of just nodding in agreement and walking 
out, he took the time to explain the complicated concepts, methods, results and 
conclusions of past literature so that I could comprehend them fully and pass with flying 
colors. Along with my secret lover and life-partner Shamik DasGupta, Ben and I spent 
hours upon hours discussing papers, which helped build the framework of my scientific 
understanding. Speaking of the former, Shamik, the man that completes me, I want to 
extend a special thank you to him for all his shrewd words over the years. You see 
Shamik comes from a holy land and a deep religious background and it was he who 
provided me with the wisdom to succeed. All joking aside, Shamik and I joined the lab 
right around the same time and immediately formed a bond not as co-workers but as true 
friends. We spent a fair amount of time making fun of each other, but most of the time we 
spent talking about science, ethics and the wonderful videogame- and sports-free 
existence of marriage. Similar to Chewbacca’s promise to Han Solo, I feel as if I owe a 
life debt to these four gentlemen and hope they are aware of their everlasting impression 
they’ve made in my life. 
vii 
I also want to thank the rest of the former and past members of the Waddell Clan. 
Paola has been such a wonderful friend to me, upping the ante by introducing me to my 
future wife. I still owe her for that one. Anytime I wandered off the behavioral path to the 
dark, mysterious world of molecular biology, she was there to explain techniques, 
provide me with reagents and berate me when things went wrong. I want to acknowledge 
Jena for our intellectual discussions and uncanny ability to adapt to our strange lab. The 
ladies score extra points for their patience and tolerance (toenails anyone?). I am positive 
that both of them will have productive careers no matter what they choose to do from 
principal investigator to top-notch Tango dancer. Rob was fortunate enough to be 
knighted as an honorary member of the Waddell Clan and I am thankful for all the 
stimulating conversations I’ve had with him, even if the majority of them have been 
about women. I want to give a special thanks to Ruth who our lab misses more than can 
be put into words. I only hope she is as happy as can be because she has one of the 
kindest souls I’ve ever encountered. I am grateful to Jessica Bernard, a summer student, 
who engineered pilot studies using sucrose to train flies. Without her help, we would 
have never reliably set up this assay and I wouldn’t be writing this right now. Lastly I 
need to express gratitude to Chris Burke who was really the only rotation student who 
came through our lab who fervently listened to my counsel and has the passion for 
behavioral science that I believe will lead him to success when he rejoins the lab. 
This university has been phenomenal in developing and transforming naïve 
students from thinkers to scientists. I may be one of the few exceptions, but I found the 
classes absolutely essential not only as refresher courses like the majority of graduate 
students, but as critical in teaching me new information that I’ve in turn taken from the 
viii 
lecture room to application in the laboratory. Our department, in particular, is organized 
in a way that we as students have every opportunity to learn and grow. A lot of the credit 
has to go to our Program Director, David Weaver, who many of us take for granted. Dave 
is the primary reason why our Neuroscience Program is so fruitful, keeping a watchful 
eye on all of us all the while running his own lab. He has always been there to support 
me, whether that be providing me with career advice, informing me what forms need to 
go where as he served on both my qualifier and thesis committees or most frequently, 
ridiculing me to the point of tears. I also want to acknowledge the remainder of my 
committee. Marc Freeman and Mark Alkema are not only welcoming and affable, but 
they are tremendously bright. I feel as if they are truly my friends, even though I aspire to 
be in their position and can only hope to obtain their achievements. Marian Walhout is 
like my adopted sister, part of the package deal when I started dating Natalia. Even 
though she made a poor choice in not studying neurobiology, she is remarkably 
accomplished. Not only is she an excellent academic, she is a genuinely good person who 
has played such a prominent role in my time here. Finally, I want to thank Ed Kravitz, my 
external committee member who I’ve had the opportunity to get to know personally as 
well as scientifically and respect a great deal for both his past and continuing research 
and his killer margaritas. I realize how incredibly lucky I am to have such a tight 
relationship with my committee and appreciate all of their advice and guidance 
throughout the years. 
Before I move on to my family and friends, I feel a civic duty to recognize the 
young women responsible for keeping the department running properly. Without their 
hard work, no one would have grants, seminars, lab meetings or reagents. Gail, Colleen, 
ix 
Tara and Kristin not only administrate the floor, but put a smile on my face every 
morning with their cheerful personalities. It has been a pleasure getting to know them 
over the years and I wish them all the best. 
As expected by my refusal and incapacity to move outside a 30-mile radius of 
Natick, my family and friends are very important to me. My mother has always believed 
in me and has instilled a work ethic and unrelenting confidence to succeed in me ever 
since I was young. I am so grateful that she plays such a prominent part in my life. No 
matter what decisions I’ve made over the years, she has stuck by me and supported me. 
My sister has a dual role as sibling and best friend. I relish spending time with her and 
husband Dave and am so proud of what she has been able to achieve at such a young age. 
She is amazingly creative and equal parts crazy, but I love her and wouldn’t be able to get 
through the days without her direction. I want to thank my dad, who I may not always get 
along with but who has been there for me every time I’ve needed him. I have the fondest 
memories of growing up playing catch, riding in the ‘Vette and attending sporting events 
that will be engrained in my memory forever. I am so grateful that my grandparents will 
be attending my graduation ceremony and have been with me every step of the way. They 
have been happily married for over 60 years and are Exhibit A for the motto “love 
conquers all.” Finally, I want to acknowledge my friends who have had absolutely zero 
influence on my life scientifically, but keep me going out in the real world. Their 
immaturity, laughter and zeal has kept me in a positive frame of mind throughout my 
lifetime. 
Lastly, I want to thank my wife, Natalia Julia Martinez Hernandez Sanchez Lopez 
Gomez Fernandez Ramirez Perez for absolutely everything. She is the single greatest 
x 
thing to have ever happened to me. Her compassion and love has made all of this 
possible. I never thought I’d find someone who would not only allow me to act as my 
true self, but to embrace that person and be equally open. Not only is she beautiful on the 
inside and outside, but it’s her quirky, bizarre behavior that no one else gets to witness 
that makes her so unique and special to me. I love her and her family with all my heart. I 
am so elated to spend the rest of my life with such a kindhearted person. 
xi 
Abstract 
Understanding the mechanisms of memory is vital in making sense of the 
continuity of the self, our experience of time and of the relation between mind and body.  
The invertebrate Drosophila melanogaster offers us an opportunity to study and 
comprehend the overwhelming complexity of memory on a smaller scale. The work 
presented here investigates the neural circuitry in the fly brain required for olfactory 
memory processing. Our observation that Dorsal Paired Medial (DPM) neurons, which 
project only to mushroom body (MB) neurons, are required during memory storage but 
not for acquisition or retrieval, led us to revisit the role of MB neurons in memory 
processing.  We show that neurotransmission from the α′β′ subset of MB neurons is 
required to acquire and stabilize aversive and appetitive odor memory but is dispensable 
during memory retrieval. In contrast neurotransmission from MB αβ neurons is only 
required for memory retrieval. These data suggest a dynamic requirement for the 
different subsets of MB neurons in memory and are consistent with the notion that 
recurrent activity in a MB α′β′ neuron-DPM neuron loop is required to consolidate 
memories formed in the MB αβ neurons. Furthermore, we show that a single two-minute 
training session pairing odor with an ethologically relevant sugar reinforcement forms 
long-term appetitive memory that lasts for days. This robust, stable LTM is protein-
synthesis-, Creb- and radish-dependent and relies on the activity in the DPM neuron and 
mushroom body α′β′ neuron circuit during the first hour after training and mushroom 
body αβ neuron output during retrieval. Lastly, experiments feeding and/or starving flies 
after training reveals a critical motivational drive that enables memory retrieval. Neural 
correlates of motivational states are poorly understood, but using our assay we found a 
xii 
neural mechanism that accounts for this motivation-state-dependence. We demonstrate a 
role for the Neuropeptide F (dNPF) circuitry, which led to the identification of six 
dopaminergic MB-MP neurons that innervate the mushroom bodies as being critical for 
appetitive memory performance. Directly blocking the MB-MP neurons releases memory 
performance in fed flies whereas stimulating them suppresses memory performance in 
hungry flies. These studies provide us with an enhanced knowledge of systems level 
memory processing in Drosophila. 
xiii 
Table of Contents 
Title Page          i 
Signature Page         ii 
Dedication          iii 
Acknowledgements         iv 
Abstract          xi 
Table of Contents         xiii 
List of Figures         xix 
List of Tables          xxiv 
Abbreviations         xxv 
Copyright Page         xxvii 
 
Chapter I. An Overview of Learning and Memory in the Model  
Organism Drosophila Melanogaster.      1 
I.A. Introduction.        1 
 I.B. Why fruit flies?        5 
 I.C. Olfactory associative conditioning in Drosophila.   8 
  Early efforts and challenges – operant conditioning  8 
  A standard is set – aversive classical conditioning  9 
  Advancing and expanding the assay – appetitive classical  
conditioning        11 
I.D. Encoding the olfactory conditioned stimulus in the brain.  13 
  Peripheral response to odor      13 
  Antennal lobe fine-tuning – first relay station   14 
  Projection neurons connect to higher brain centers  15 
  Mushroom body odor representation    17 
 I.E. Processing the aversive and appetitive unconditioned stimulus. 18 
  Electric shock punishment      19 
  Sucrose reward       22 
 I.F. Mushroom bodies as coincidence detecting memory centers. 26 
  Early evidence for necessity      27 
xiv 
Localizing memory genes – the current model of molecular 
processes underlying fly learning and memory   28 
Mushroom body substructure     32 
Memory phases       33 
 I.G. Outside assistance – extrinsic MB neurons involved in memory. 34 
  DPM neurons and memory consolidation    34 
  APL neurons role in gating learning    37 
  The central complex and memory transfer   38 
 I.H. Motivational theory: studying motivation in fruit flies.  40 
  Motivation theory       41 
  A systems model       42 
 I.I. Signals for satiety and hunger-drive.     43 
  dNPF circuitry       44 
 
Preface to Chapter II.        59 
Chapter II. Drosophila dorsal paired medial neurons provide a general  
mechanism for memory consolidation.      60 
II.A. Introduction        60 
 II.B. Materials and Methods      65 
 II.C. Results         69 
  amn mutants are defective for sucrose-reinforced memory. 69 
Selective expression of amn in DPM neurons rescues the  
memory defect of amn mutant flies.    70 
DPM output is required for stability of sucrose-reinforced  
olfactory memory.       70 
DPM projections to the MB α′ and β′ lobes are sufficient for  
memory.        73 
II.D. Discussion        75 
 
Preface to Chapter III.        90 
Chapter III. Sequential use of mushroom body neuron subsets during  
xv 
Drosophila odor memory processing.    91 
III.A. Introduction        91 
 III.B. Materials and Methods      94 
 III.C. Results         97 
The c305a{GAL4} and c320{GAL4} enhancer-trap lines  
express in MB α′β′ neurons.     97 
Output from MB α′β′ neurons is required during and after  
training for consolidation of aversive odor memory.  99 
Inhibiting MB expression in c305a and c320 reverses the  
uas-shits1-induced memory loss.     103 
Output from MB α′β′ neurons is required during and after  
training for consolidation of appetitive odor memory.  105 
DPM neuron output to MB α′β′ lobe neurons is required  
after training for aversive odor memory consolidation.  107 
III.D. Discussion        108 
Mushroom bodies are required for acquisition, storage, and 
recall of olfactory memories.     108 
A neural circuit-based view of olfactory memory.  114 
 
Preface to Chapter IV.        129 
Chapter IV. Rapid consolidation to a radish and protein synthesis-dependent long-
term memory after single-session appetitive olfactory conditioning in Drosophila. 
           130 
IV.A. Introduction        130 
 IV.B. Materials and Methods      132 
 IV.C. Results         136 
  Persistent memory after a single session of appetitive  
conditioning.        136 
A single appetitive training session forms memory that  
requires new protein synthesis.     137 
Appetitive LTM depends on the action of cAMP response  
xvi 
element-binding protein in the MBs.    139 
Appetitive LTM is rapidly consolidated within 2 h after  
training and requires radish.     142 
The crammer and tequila LTM-specific mutants disrupt  
appetitive LTM.       144 
DPM neurons and MB α′ β′ neurons are critical for  
formation of appetitive LTM.     145 
Evidence against a role for EB ring neurons in LTM retrieval. 147 
Extension of the LTM assay: satiety state regulates memory  
retrieval.        148 
IV.D. Discussion        149 
  One conditioning session forms appetitive LTM.   149 
  Fast consolidation to LTM.      151 
  A neural circuit perspective.     153 
  Motivational control of appetitive memory retrieval.  154 
 
Preface to Chapter V.        168 
Chapter V. A neural circuit mechanism integrating motivational state with  
memory expression in Drosophila.       169 
V.A. Introduction        169 
 V.B. Materials and Methods      172 
 V.C. Results         176 
  Stimulating dNPF neurons promotes memory retrieval in fed  
flies.         176 
Using NPFR1 to localize the relevant dNPF modulated  
circuitry.        178 
Some c061 neurons innervate the mushroom bodies and  
fan-shaped body.       179 
c061 labels six dopaminergic neurons that innervate the  
mushroom bodies.       180 
Blocking the MB-innervating dopaminergic neurons  
xvii 
promotes memory retrieval in fed flies.    181 
The dopaminergic neurons are MB-MP neurons.   182 
Blocking a subset of MB-MP neurons does not reveal memory  
in fed flies.        183 
MB-MP stimulation inhibits appetitive memory expression in  
hungry flies.        184 
V.D. Discussion        186 
  Drosophila as a model for motivational systems.   186 
  dNPF is a key factor in signaling the internal state of hunger. 187 
  Completing the body-brain connection.    188 
  Finding dNPF regulated neural circuitry.    189 
  A model for the role of MB-MP neurons.    191 
  Structural and functional subdivision of dopaminergic  
neurons.        192 
Motivation and learning.      194 
Hunger simultaneously regulates discrete neural circuit  
modules.        195 
Regulating behavior with inhibitory control.   196 
 
Chapter VI. Discussion, conclusions and future plans.    217 
 VI.A. Memory consolidation.      217 
 VI.B. The role of DPM neurons in memory stabilization.  218 
 VI.C. Functional subdivision of the mushroom bodies in memory  
processing.         222 
VI.D. Increased anatomical specificity.     225 
 VI.E. Behavioral analysis with the LexA/lexAop system.   226 
 VI.F. Ultra-precise analysis of MB neural circuits.   227 
 VI.G. A single 2 minute session of appetitive conditioning forms  
LTM.          228 
VI.H. Appetitive LTM requires new protein synthesis.   229 
VI.I. Appetitive LTM depends on the action of CREB in the  
xviii 
mushroom bodies.        231 
VI.J. Appetitive LTM is rapidly consolidated within two hours after  
training and requires radish.      233 
VI.K. The central complex involvement in LTM consolidation.  235 
 VI-L. Stimulating DPM and MB α′β′  neurons after training.  235 
 VI.M. What drives the neural circuitry of memory consolidation?  237 
VI.N. Extension of the LTM assay: satiety-state regulates memory  
retrieval.          238 
VI.O. Using flies to study motivation.     240 
 VI.P. Internal physiological state of hunger.    241 
VI.Q. dNPF neural circuitry and the MB-MP neurons in appetitive  
olfactory memory.        242 
VI.R. Hierarchical inhibition regulates appetitive olfactory behavior. 244 
 VI.S. Motivation and learning.      245 
VI.T. dNPF neural circuitry and the MB-MP neurons in aversive  
olfactory memory.        246 
VI.U. Does overexpression of npfr1 generally enhance memory? 247 
VI.V. Final remarks        249 
 
Appendix 1. Investigating the reward pathway of sucrose from the periphery to the 
central brain          279 
 Appendix 1.A. Identifying the sucrose input pathway.   279 
 Appendix 1.B. Does sucrose reinforcement depend on caloric value? 281 
Appendix 1.C. Does the modulatory monoamine octopamine represent 
appetitive US information?       283 
 Appendix 1.D. An aversive conditioning assay using gustatory reinforcement. 
           287 
 
References          299 
xix 
List of Figures 
Figure I-1. Machines used for olfactory associative conditioning.  48 
Figure I-2. Training protocols used for olfactory associative conditioning. 50 
Figure I-3. Drosophila brain and the olfactory pathway.    52 
Figure I-4. A role for the cAMP cascade in mediating learning and  
memory in Drosophila.        53 
Figure I-5. Three-dimensional models of the mushroom bodies.   55 
Figure I-6. Three-dimensional models of the dorsal paired medial neurons. 57 
Figure II-1. Rewarded odor memory decays quickly in amnesiac mutant  
flies, and expression of an amn transgene in DPM neurons restores wild-type  
levels of memory.         79 
Figure II-2. DPM neuron output is required for 3 hr rewarded odor memory.81 
Figure II-3. DPM neuron output between training and testing is required  
for 3 hr rewarded odor memory.       83 
Figure II-4. DPM neurons that primarily project to the α′ and β′ MB  
lobes are functional for rewarded and punished odor memory.   85 
Figure II-5. Expression of DScam17-2::GFP in DPM neurons greatly  
impairs DPM neuron innervation of the MB γ  lobes.    87 
Figure II-6. Expression of DScam17-2:GFP in DPM neurons results  
in DPM neurons that primarily project to the MB prime lobes.   88 
Figure II-7. Expressing a synaptotagmin-HA presynaptic compartment  
marker in DPM neurons labels some DPM projections in the MB lobes. 89 
Figure III-1. MB α′β′ neuron expression in GAL4 driver lines.   116 
Figure III-2. Neurotransmission from MB α′β′ neurons is required for  
acquisition and consolidation of aversive odor memory, whereas transmission  
from MB αβ neurons is only required for retrieval.    118 
Figure III-3. MB α′β′ neuron expression is required for the c305a-  
and c320-dependent memory loss.       120 
Figure III-4. MB α′β′ neuron output is required for stable appetitive odor  
memory.          122 
Figure III-5. Blocking synaptic transmission after training from DPM neurons  
xx 
that primarily project to the MB α′β′ lobes abolishes memory.   124 
Figure III-6. MB α′β′  neuron expression in GAL4 driver lines.   125 
Figure III-7. The expression pattern of c305a{GAL4} and inhibition  
by MB{GAL80}.         126 
Figure III-8. The expression pattern of c320{GAL4} and inhibition by  
MB{GAL80}.          127 
Figure IV-1. Persistent memory after a single session of appetitive  
conditioning.          156 
Figure IV-2. A single appetitive training session forms memory that  
requires new protein synthesis.       157 
Figure IV-3. Inducible or region-restricted expression of dCREB2b  
disrupts appetitive LTM but not MTM.      158 
Figure IV-4. Appetitive memory is quickly consolidated and is  
disrupted by crammer, tequila, and radish mutation.    160 
Figure IV-5. Neurotransmission from MB α'β' neurons and DPM  
neurons is required for consolidation of appetitive LTM, whereas transmission 
from MB αβ neurons is only required for retrieval.    162 
Figure IV-6. Evidence against a role for EB ring neurons in LTM retrieval. 164 
Figure IV-7. Experiment to test whether satiation reversibly suppresses  
memory retrieval.         166 
Figure V-1. Stimulating dNPF-expressing neurons promotes appetitive  
memory expression in satiated flies.      198 
Figure V-2. Region-specific disruption of npfr1 expression impairs  
appetitive olfactory memory in food-deprived flies.    200 
Figure V-3. c061 labels six dopaminergic neurons that innervate the  
mushroom bodies.         201 
Figure V-4. Blocking output from c061 dopaminergic neurons reveals  
appetitive memory performance in fed flies.     203 
Figure V-5. The dopaminergic c061 neurons are MB-MP neurons.  205 
Figure V-6. Stimulating MB-MP neurons before testing suppresses  
appetitive memory expression in hungry flies.     207 
xxi 
Figure V-7. Model for the role of MB-MP neurons.    209 
Figure V-8. dNPF-GAL4 does not label somata in the ventral ganglion. 210 
Figure V-9. Silencing npfr1 in all neurons disrupts 3 hr appetitive olfactory  
memory in starved flies.        211 
Figure V-10. MB-MP neurons do not immunostain for GABA.   212 
Figure V-11. krasavietz labels two MB-MP neurons and one  
additional dopaminergic neuron in each PPL1 cluster that projects to the  
stalk of the α  lobe.         213 
Figure V-12. Stimulating MB-MP neurons for one hour after training  
does not affect appetitive memory.       214 
Figure V-13. Blocking MB-MP neurons does not impair acquisition of  
aversive odor memory.        215 
Figure VI-1. Blocking MB α′β′  neurons impairs aversive shock-reinforced  
olfactory learning.         252 
Figure VI-2. Synaptic plasticity in the MB α´β´ lobes is insufficient for  
shock-reinforced olfactory learning and memory.    253 
Figure VI-3. Dual transcriptional control using the yeast GAL4/uas and  
bacterial LexA/LexOp systems in parallel.     255 
Figure VI-4. Blocking mushroom body output using the LexA/LexOp  
system abolishes aversive shock-reinforced olfactory learning.   256 
Figure VI-5 Ultra-precise gene expression in MB neurons by combining  
GAL4, LexA and FLP recombinase.      257 
Figure VI-6. Food-deprivation curve.      259 
Figure VI-7. Multiple spaced training trials does not augment 24 hr  
appetitive memory performance.       260 
Figure VI-8. CXM feeding does not generally impair flies 24 hrs after  
feeding.          261 
Figure VI-9. rsh mutant flies have an appetitive LTM defect after 3 training  
sessions spaced by 15 minute inter-trial intervals.    262 
Figure VI-10. Dual transcriptional control with increased anatomical  
specificity.          263 
xxii 
Figure VI-11. Blocking output from projection neurons during  
consolidation significantly impairs olfactory memory.    264 
Figure VI-12. Hunger is necessary to acquire and retrieve  
sucrose-reinforced olfactory memory.      266 
Figure VI-13. A single two minute training session induces LTM that lasts 
for 72 hours.          267 
Figure VI-14. hugin knockdown does not result in appetitive  
performance in satiated flies.       268 
Figure VI-15. A putative NPFR1 mutant fly line is defective for appetitive  
olfactory memory.         269 
Figure VI-16. NPF receptor function likely resides in the dopaminergic  
MB-MP neurons.         270 
Figure VI-17. A tshGAL80 transgene eliminates ventral ganglion  
expression but appetitive memory performance remains.    271 
Figure VI-18. Acute stimulation of MB-MP neurons during retrieval  
perturbs 3 hr appetitive memory in hungry flies.     273 
Figure VI-19. Acute stimulation of MB-MP neurons during acquisition  
does not impair 3 hr appetitive memory in hungry flies.    274 
Figure VI-20. Global npfr1-knockdown does not impair shock-reinforced  
olfactory learning.         275 
Figure VI-21. Blocking output from MB-MP neurons does not enhance  
aversive olfactory memory in fed flies.      276 
Figure VI-22. Acute stimulation of MB-MP neurons during retrieval disrupts 
shock-reinforced olfactory memory.      277 
Figure VI-23. Overexpressing the dNPF receptor reveals memory  
performance in satiated flies.       278 
Figure Apx-1. Disrupting output from Gr5a-positive neurons does not 
impair appetitive olfactory memory.      290 
Figure Apx-2. Gustatory mutant analyses reveals a defect for Gr5a  
nulls in appetitive olfactory memory.      291 
Figure Apx-3. Appetitive olfactory conditioning using artificial sweeteners. 293 
xxiii 
Figure Apx-4. Octopaminergic/tyraminergic neural circuitry.   294 
Figure Apx-5. Disrupting octopaminergic/tyraminergic circuitry does not  
impair 3 hr appetitive olfactory memory.      295 
Figure Apx-6. Octopamine receptor mutants have no appetitive olfactory  
memory phenotype.         297 
Figure Apx-7. Training flies with quinine punishment results in aversive  
olfactory memory.         298 
 
xxiv 
List of Tables 
Table III-1. Olfactory acuity and shock avoidance scores for strains used  
in this study.          128 
Table IV-1. Olfactory acuity and sucrose acuity for strains used in this  
study.           167 
Table V-1. Olfactory acuity and sucrose acuity for strains used in this study. 216 
xxv 
List of abbreviations 
AC  Adenylyl cyclase 
ACT  Antennal cerebral tract 
AL  Antennal lobe 
AMN  Amnesiac 
APL  Anterior paired lateral 
ARM  Anesthesia-resistant memory 
ASM  Anesthesia-sensitive memory 
cAMP  cyclic adenosine monophosphate 
Ca/Cam Calcium/Calmodulin 
CC  Central complex 
CNS  Cenrtal nervous system 
CREB  cAMP response element binding protein 
CS+  Paired conditioned stimulus 
CS-  Unpaired conditioned stimulus 
CXM  Cycloheximide 
DA  Dopamine 
DScam Down syndrome cell adhesion molecule 
dNPF  Drosophila neuropeptide-F 
DPM  Dorsal paired medial 
DTI  Diphtheria 
FLP  Flippase recombination enzyme 
FRP  Flippase recognition target 
GABA  Gamma-aminobutyric acid 
GFP  Green fluorescent protein 
GPCR  G-protein coupled receptor 
GR  Gustatory receptor 
GRN  Gustatory receptor neuron 
KC  Kenyon cell 
LH  Lateral horn 
LTD  Long-term depression 
xxvi 
LTM  Long-term memory 
LTP  Long-term potentiation 
MB  Mushroom body 
MB-MP Mushroom body-medial lobe and pedunculus 
MCH  4-methylcyclohexanol 
MTM  Middle-term memory 
NMDA N-methyl-D-aspartate 
NPFR  Neuropeptide-F receptor 
OA  Octopamine 
OAR  Octopamine receptor 
OCT  3-octanol 
OR  Olfactory receptor 
ORN  Olfactory receptor neuron 
PACAP Pituitary adeneylyl cyclase activating peptide 
PI  Performance Index 
PKA  cAMP dependent protein kinase A 
PN  Projection neuron 
RDL  Resistance to dieldrin 
rsh  radish 
rut  rutabaga 
shits1  temperature-sensitive shibire 
SOG  Subesophageal ganglion 
STM  Short-term memory 
TβH  Tyramine beta hydroxylase 
TDC  Tyrosine decarboxylase 
TH  Tyrosine hydroxylase 
TNT  Tetanus toxin 
TRP  Transient receptor potential 
US  Unconditioned stimulus 
VUMmx1 Ventral unpaired median 
xxvii 
Copyright Page 
The chapters of this dissertation have appeared in separate publications or as part of 
publications: 
Keene AC, Krashes MJ, Leung B, Bernard JA, Waddell S. (2006). Drosophila dorsal 
paired medial neurons provide a general mechanism for memory consolidation. Curr Biol 
16, 1524-1530. 
 
Krashes MJ, Keene AC, Leung B, Armstrong, JD, Waddell S. (2007). Sequential use of 
mushroom body neuron subsets during Drosophila odor memory processing. Neuron 53, 
103-115. 
 
Krashes MJ, Waddell S. (2008). Rapid consolidation to a radish and protein synthesis-
dependent long-term memory after single-session appetitive olfactory conditioning in 
Drosophila. J Neurosci 28, 3103-3113. 
 
Krashes MJ, DasGupta S, Vreede A, White B, Armstrong JD, Waddell S. (2009) A 
neural circuit mechanism integrating motivational state with memory expression in 
Drosophila. Submitted to Cell on April 22nd, 2009.
1 
Chapter I. An Overview of Learning and Memory in the Model Organism 
Drosophila Melanogaster. 
 
I.A. Introduction. 
We use our memories to guide our lives. Without the ability to learn, our past 
would be forgotten, our present would be cloudy and our future would be lost before it 
could ever be planned. How would you fair without the memories you’ve accumulated 
over the years? How would you get to work if you forgot how to drive, what bus you 
should take or in which direction to walk? In fact, how would you get to work if you had 
forgotten where it is you are employed? The answers to these types of questions are 
stored deep in our brains, and despite our complete dependence on our memories, we 
have very little understanding of the mechanisms behind them.  
Just as the gene is the building block of genetics and molecular biology, the 
neuron is the key unit to unlocking the mysteries of neuroscience. In the same way that 
examining single genes is inadequate for understanding cellular mechanisms, studying 
individual neurons is insufficient to grasp the complexity of the brains inner workings. 
Full comprehension of information processing in neural circuits requires systematic 
characterization of the participating cell types and their connections, and perhaps most 
importantly, the ability to measure and manipulate their activity.  
Our brains consist of billions of neurons, including thousands of cell types, 
connected into circuits by trillions of synapses. It is impossible for us to appreciate the 
intricacy behind our infinite decisions. The brain was once thought to be hardwired, fixed 
in form and function, but we now know that it retains impressive powers of 
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neuroplasticity, the ability to change its structure and function in response to experience. 
How do we comprehend the inner workings of such a complex brain? Can we assign 
specific neural circuits and pathways to specific behaviors? The scale of a human brain 
presents a major obstacle but there is hope that will eventually lead to an understanding 
of the workings of the mind. We can turn to organisms with smaller brains composed of 
significantly reduced numbers of neurons and synapses. By studying and manipulating 
the neural circuits in small brains and assaying relevant behaviors, we can fairly rapidly 
develop an understanding of how circuits are organized to direct behavior. 
This thesis builds on the idea that we can understand the functional organization 
of the brain using the common fruit fly, Drosophila melanogaster, as a model organism. 
The work presented investigates the neural processes behind memory formation, 
consolidation and retrieval. This first chapter serves as an introduction into the 
Drosophila learning and memory field. I will explain the numerous advantages of using 
fruit flies for experimental studies and describe in detail the specific assays we utilize for 
these analyses. Next, I will focus on how the memory is encoded from peripheral, input 
stimuli to robust, learned-response processes stored deep in the brain, concentrating on 
the critical structures and sets of neurons required for these functions. Lastly, I will give a 
brief background of motivational theory, a systems model of motivational drive and how 
we have devised a novel method that allows us to explore the integration between internal 
homeostatic states, such as satiety, and the retrieval of memory performance. 
The second chapter concentrates on a pair of symmetrical neurons, the dorsal 
paired medial neurons (DPMs), and their role in appetitive olfactory memory. These cells 
located in the posterior part of the brain send intricate projections to and densely 
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innervate the mushroom bodies (MBs), an essential anatomical region required for 
olfactory associative conditioning. We found that selective expression of a gene encoding 
the putative neuropeptide, amnesiac (AMN) specifically in the DPM neurons rescues the 
memory defect observed in amn mutant flies. We also demonstrated that neuronal 
transmission from these neurons is required for the stability of appetitive odor memory. 
DPM output is dispensable during memory acquisition and retrieval, but necessary for 
memory consolidation. Lastly, in attempts to analyze the polarity and compartmental 
organization of these neurons, we found that ‘genetically altered’ DPMs with projections 
to a defined region of the MBs were sufficient for olfactory memory, suggesting this 
circuit may be particularly vital in the strengthening and stabilization of memory. 
 In the third chapter we expanded on the last discovery and showed a novel 
mechanism of sequential use of MB neuron subsets during Drosophila odor memory 
processing. We showed that DPM neuron output to the MB α′β′ lobe neurons is required 
after training for olfactory memory consolidation. Subsequently, we identified and 
analyzed two GAL4 enhancer-trap lines that preferentially express in the α′β′ lobe 
neurons of the MBs. Using these newly described tools, we concluded that output from 
the MB α′β′ neurons is required during and after training for the consolidation of both 
shock- and sucrose-reinforced olfactory memory. In addition, we showed that output 
from the MB αβ neurons is specifically required for the retrieval of both shock- and 
sucrose-reinforced olfactory memory.  
The fourth chapter focuses exclusively on the appetitive olfactory memory assay 
and the benefits of using such a paradigm. We found that a single training session pairing 
an odorant with an ethologically relevant sucrose reward forms persistent long-term 
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memory (LTM) that lasts for days. This stable appetitive memory is in stark contrast to 
that observed after a single training session of odorant and electric shock punishment, 
which decays rapidly over the first few hours and is essentially absent after a day. We 
demonstrated that appetitive LTM requires new protein synthesis after training and is 
dependent on the action of the transcription factor cAMP response element-binding 
protein (CREB) in the MBs. Furthermore, we showed that appetitive LTM is rapidly 
consolidated within 2 hours after training and requires the radish gene, a well-studied 
learning and memory gene thought to represent a distinct memory phase, as well as the 
crammer and tequila genes shown to be specific for disruption of aversive LTM. 
Examining the circuitry behind this appetitive LTM revealed a requirement for the DPM 
and MB α′β′ neurons during memory consolidation and a requirement for the MB αβ 
neurons during memory retrieval, suggesting that appetitive middle-term memory and 
LTM are mechanistically linked. Lastly, we reported a way to extend the efficacy of the 
appetitive LTM assay and reliably demonstrate that satiety state regulates memory 
retrieval. Feeding flies to satiety after training suppresses learned performance but this 
memory can be revealed upon re-starving the flies, providing us with a potential 
paradigm to investigate how hunger levels and memory interact to motivate behavior. 
In chapter five, we pin down a neural circuit mechanism integrating motivational 
state with memory expression in Drosophila. Hunger is perhaps the most heavily studied 
of the regulatory, or homeostatic, motivational drive states. In these studies, we showed 
that feeding flies for 3 hours after training repressed 3 hr memory performance. However, 
stimulating Drosophila neuropeptide-F (dNPF) neurons promoted memory retrieval in 
fed flies mimicking food-deprivation. Utilizing a method to knockdown expression of the 
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dNPF receptor (NPFR1), we localized the relevant dNPF modulated neural circuitry to a 
group of neurons that send projections to both the MBs and the central complex. Closer 
analyses identified a cluster of six dopaminergic neurons that innervate a specific region 
of the MB occupied by αβ axons, suggesting a possible role in modulating memory 
retrieval. In fact, blocking transmission from these dopaminergic neurons promotes 
memory retrieval in fed flies, while artificial stimulation of these same neurons during 
retrieval inhibits appetitive memory expression in hungry flies. This leads us to a model 
wherein the motivational state of hunger is represented in the MB through a hierarchical 
inhibitory control mechanism. 
The sixth and final chapter will be a discussion where I will elaborate and expand 
on the results presented throughout the thesis. Topics included in this section cover the 
main findings, current models and potential future experiments that could result in a 
better understanding of memory processing. Here, I will present preliminary results to 
pilot studies not previously mentioned that may lead to further advancement of the 
learning and memory field. 
 
I.B. Why fruit flies? 
 It is a question I hear over and over again from my friends, family and new 
acquaintances. I read somewhere that trying to map the human brain is ‘cartography for 
fools’. Given unlimited resources and infinite time, it may be possible to fully 
comprehend the inner workings of our mind, but until that opportunity arises, scientists 
have begun to look elsewhere. The ability to manipulate an organism’s genetics makes it 
an especially desirable model for experimental studies. The fruit fly, Drosophila 
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melanogaster is a genetically tractable animal that has been utilized by researchers for 
decades.  
Some may think a fly’s brain would be of little help explaining the mechanisms of 
the human brain. Not only is the fly version tiny, compared with the three pound 
behemoth in a human, but the majority of people consider the fly’s rudimentary 
intelligence and cognition to be correspondingly feeble. Still, despite these glaring 
physical differences and inaccurate myths about invertebrate intellect, the genes 
responsible for building and operating both flies and mammals are remarkably similar. 
Thus, the fly brain can be a powerful tool for studying the neural underpinnings of 
memory, resolving the complexity of neuronal plasticity, and unraveling the mystery of 
human mental disorders. Perhaps most importantly, it gives us a chance to decipher a 
‘neural code’: some fundamental ways in which a brain converts collections of electrical 
impulses into perception, memory, knowledge and, ultimately, behavior. 
Flies have several experimental advantages, including their rapid life cycle and 
the large numbers of individuals that can be generated, which make them ideal for 
sophisticated genetic screens, as demonstrated later in this introduction. The life cycle 
takes on average of about two weeks so large-scale crosses can be set up and followed 
through several generations in a matter of months. In addition, the fruit fly is small and 
has a simple diet. Therefore, large numbers of flies can be maintained inexpensively in 
the laboratory. There are established methods for handling Drosophila, numerous 
techniques and assays designed to test varying behaviors and an immense volume of data 
accumulated about fly biology, ranging from anatomy to development to physiology 
(Bier, 2005). 
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Despite the sequence homology to humans, the genetic properties, the short 
generation time, the wealth of comprehensive knowledge and the ethical and economical 
basis for using flies as a model organism, perhaps the greatest benefit of all lies in the 
countless, evolving tools designed to elucidate the mechanisms of fly behavior. 
Drosophila is an ideal neurobiological model system to characterize a neuronal network 
that mediates olfactory learning and memory due largely in part to the powerful genetic 
techniques by which structure and function of identified neurons can be observed and 
manipulated. This is a constant theme of the thesis research presented here. We have 
taken full advantage of several technologies and genetic systems to control specific sets 
of neurons at specific times, turning them on and off like a light switch, visualizing 
neuronal patterns and projections in the brain, ectopically expressing key genes in precise 
locations and removing the expression of transcripts and proteins in other places, 
determining the polarity and orientation of defined cells and simultaneously manipulating 
two independent sets of neurons in the same organism. 
Our lab profits from the incredible olfactory system of the fly, one of the most 
heavily studied disciplines in biology (for review see Wilson and Mainen, 2006). 
Drosophila navigate in complex chemosensory environments and rely profoundly on 
their olfactory perception. Our learning and memory assay, which will be discussed in the 
next section, takes advantage of this powerful sensory system, using specific odorants 
paired with or without electric shock punishment or sucrose reinforcement to condition 
trained animals to avoid or become attracted to the associated odors. This and the reasons 
documented above make the fly an ideal vehicle to investigate learned behavior and 
answers the eternal question, “why fruit flies.” 
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I.C. Olfactory associative conditioning in Drosophila. 
 Memories can often be conceptualized to the pairing of a neutral stimulus, such as 
the smell of the ocean, with an emotionally salient event, like a relaxing vacation or the 
tragic drowning of a friend. As a result, the scent of the sea can evoke pleasant memories 
in one person, tragic memories in another person or be entirely meaningless to a third. 
This phenomenon of pairing a mild stimulus with influential events is conserved across 
phyla. Remarkably, fruit flies can be trained to associate specific odorants with electric 
shock punishment or a positive sugar reward and display avoidance or attractive behavior 
based on prior experience. 
 
Early efforts and challenges – operant conditioning 
 The first reliable assay used to measure olfactory learning and memory was 
developed over 35 years ago in the lab of Seymour Benzer, who is often considered the 
father of the modern era of the genetic dissection of behavior (Quinn et al., 1974). This 
apparatus, known as the Quinn, Harris, Benzer (QHB) machine, exploits the natural 
tendencies of flies to be attracted to light (phototaxis) and move upward against gravity 
(negative geotaxis). The apparatus consists of a start tube, loaded with approximately 40 
flies, at the bottom of the machine and five tubes on the top that can be slid horizontally 
so that any one of them is aligned with the start tube (Fig. I-1A).  
At the start of the experiment, the flies are given 30 seconds to run toward a light 
source at the end of the second connected tube that is lined with an electrifiable grid 
painted with a specific odorant (odor A). Flies moving into this tube pulled by their 
9 
attraction to light receive a series of electric shocks paired with the odor. They are then 
knocked back into the start tube and given a short rest before being allowed to run into a 
different tube containing a shock grid and another odorant (odor B) for 30 seconds. These 
flies are exposed to the odor in the absence of shock. Again they are tapped back into the 
start tube ending the training. After another half minute, the flies are tested for their 
ability to associate the odors with or without shock punishment. They are allowed to run 
into tube 4 painted with odor A, the one paired with shock, and counted. They are then 
knocked one final time into the start tube and given the opportunity to move toward tube 
5 painted with odor B, where they are counted. A second group of different flies of the 
same genotype is then reciprocally trained so that they now associate odor B with shock 
and a score is calculated to measure performance. Performance indexes are computed by 
subtracting the number of flies that moved toward the shock-paired odor from the number 
of flies that moved toward the odor given in the absence of shock divided by the total 
number of flies used in the experiment. 
Many researchers in the field consider the results of using this innovative assay to 
be a form of operant conditioning based on the flies ultimately determining their own 
behavior. Because the apparatus is dependent on light and gravity to lure the flies into the 
tubes painted with odors, it is easy to understand that not all of the flies receive the full 
training and therefore are not able to form associative memories. For this reason, the 
pursuit to design a more efficient machine became a priority. 
 
A standard is set – aversive classical conditioning 
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 To address the limitations of the QHB assay and to expand behavioral analyses in 
Drosophila, the T-maze machine was introduced to classically condition flies (Tully and 
Quinn, 1985) (Fig. I-1B). In this paradigm, roughly 100 flies are sequestered in an 
electrified tube connected to the T-maze hooked up to a stimulator, which controls shock 
onset, duration and intensity. Using a vacuum odor delivery system, the population of 
flies receives odor A, the conditioned odorant (CS+) for one minute in the presence of a 
series of electric foot shocks, the unconditioned stimulus (US). This is followed by 30 
seconds of fresh air and then one minute of odor B presentation (CS-) in the absence of 
shock (Fig. I-2A). Post-training, the flies are tapped into a sliding elevator built into the 
T-maze and shifted down to a choice point for testing. Here, they choose between two 
testing tubes containing either odor A or odor B for two minutes (Fig. I-1B). Again, the 
reciprocal experiment is carried out and a performance index is calculated as the fraction 
of flies avoiding the CS+ minus the fraction of the flies avoiding the CS- divided by the 
total number of flies tested. 
 If testing later phases of memory such as middle-term memory, the flies are 
transferred into fresh food vials immediately after training. When it is time to test 
memory retrieval, the flies are reloaded into the machine and testing progresses 
identically as explained above.  
This type of aversive olfactory conditioning has been used extensively to 
experimentally dissect the genes and neural circuits involved in memory (see Davis 2005 
and Keene and Waddell, 2007 for review). Many labs employ this type of associative 
paradigm because it reliably produces robust, consistent learning and memory scores. 
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However, like all assays, there are advantages and disadvantages to using this approach, 
which will be discussed throughout the thesis. 
 
Advancing and expanding the assay – appetitive classical conditioning 
 An appetitive associative conditioning paradigm was developed replacing the 
negative electric shock punisher with a sugar positive reinforcer (Tempel et al., 1983). 
Though the group observed robust scores, their paradigm shared similarity with the 
original one in that it relied on the combination of gravity and light to attract flies into a 
tube coated with odor and sucrose (Fig. I-1C). Furthermore, it was reported that a number 
of flies remained in the start chamber and consequently never made any association 
between the sugar reinforcer and the paired or unpaired odor (Tempel et al., 1983). This 
failure to form associative memory was only intensified when one considers that the 1.0 
M sucrose solution used was limited to a 1 centimeter-wide band halfway along the 
length of the tube. This means that in addition to the operant nature of the assay, a 
proportion of the flies that do enter the training tube smell the odor without ever coming 
into contact with the sucrose. Nevertheless, they concluded that flies learned optimally 
after 19-20 hours of starvation, which neither affected their intrinsic odor preference nor 
their learning scores in shock-avoidance training. In addition, they found that positively 
reinforced memories persisted much longer than negatively reinforced ones, which was 
not due to the quantitative difference in the strength of the reinforcement provided 
(Tempel et al., 1983) 
 This form of positively reinforced olfactory conditioning lay dormant for twenty 
years before Heisenberg and colleagues modified and improved the original assay. They 
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exclusively used a T-maze (Fig. I-1D) for both their training and testing, giving two 30 
second trials of sucrose with odor A (CS+) in one tube interspersed with two trials of 
odor B (CS-) without sucrose in another tube (Schwaerzel et al., 2003). The sugar was 
delivered by applying a 2M sucrose solution to a piece of filter paper, which was 
subsequently dried, rolled and placed in a training tube. The “blank” tube (without 
sucrose) consisted of a piece of filter paper that was soaked in water, dried, rolled and 
placed in another training tube. This paradigm is widely regarded as classical 
conditioning as all of the hungry flies make contact with the sucrose reward while 
receiving the paired odorant since the filter paper lines the entire tube. Importantly, it was 
noted that in accordance with the previous report (Tempel et al., 1983), flies needed to be 
starved approximately 18 hours before training. Heisenberg and colleagues used this 
assay to show that the catecholamine, octopamine, is essential for the formation of 
appetitive olfactory memory while it is dispensable for aversive olfactory memory 
(Schwaerzel et al., 2003). These results will be discussed further in a later section (I.E.). 
 We adapted and altered this appetitive olfactory assay for use in our own 
laboratory. Employing a T-maze, we found optimal performance scores using a protocol 
consisting of two minutes of odor A (CS-) without sucrose, followed by 30 seconds of 
fresh air and then two minutes of odor B (CS+) paired with saturated sucrose (Fig. I-2B). 
The training tubes were prepared in a similar way, with the exception of replacing the 2M 
sucrose solution with a saturated sucrose solution. We also found that food-depriving 
flies 18-20 hours prior to conditioning led to optimal learned performance. 
 Additionally, we discovered that to test memory, both middle- or long-term, the 
trained flies had to be stored without food up to the time of testing. This important 
13 
finding that food presentation after conditioning suppressed performance paved the way 
for us to study a motivational process integrating the homeostatic internal state of 
satiety/hunger with the neuronal circuits involved in memory (see Chapters IV. & V.) 
 
I.D. Encoding the olfactory conditioned stimulus in the brain 
Crucial to an understanding of how and where olfactory learning and memory 
occurs in the brain is an understanding of the mechanisms by which odors are detected 
and discriminated. Recent work has produced significant strides in elucidating the 
molecules and circuits underlying olfactory information processing in the Drosophila 
brain. 
 
Peripheral response to odor 
 Olfactory systems play fundamental roles in insect survival and reproductive 
success, mediating responses to food, mates and egg-laying sites. Drosophila odor 
receptors (ORs) were identified by both bioinformatic (Clyne et al., 1999) and molecular 
(Vosshall et al., 1999) approaches. The 62 Or proteins, encoded from 60 Or genes, are 
highly divergent with many sharing as little as ~20 % amino acid similarity (Robertson et 
al., 2003; Vosshall et al., 2000). Odor ligands are detected by these G-protein coupled 
receptors (GPCRs) that are expressed on specialized dendrites of ~1200 olfactory 
receptor neurons (ORNs) found in two bilaterally symmetrical pairs of olfactory organs, 
the antennae and the maxillary palps (Fig. I-3) (Stocker, 1994). The surfaces of the 
olfactory organs are covered with sensory hairs called sensilla, which house the dendrites 
of up to four ORNs (Shanbhag et al., 1999; Shanbhag et al., 2000). The majority of 
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ORNs express a single unique odorant receptor, along with a common related protein, 
OR83b, encoded by OR83b (Larsson et al., 2004), which has recently been further 
characterized as an crucial subunit of a heteromeric ligand-gated ion channel (Sato et al., 
2008; Wicher et al., 2008).  The specific OR confers a particular odor response on that 
ORN. Insect ORNs have been studied extensively by single-unit electrophysiology, an 
extracellular recording technique used to examine the firing properties of single ORNs to 
odors (Hallem et al., 2004), providing the field with an odor tuning curve of each OR to a 
panel of hundreds of odors (Hallem and Carlson, 2006). Investigators misexpressed the 
different ORs in a neuron that lacks its endogenous receptor and recorded neuronal 
activity in the corresponding sensillum evoked by different odorants across varying 
concentration. 
 
Antennal lobe fine-tuning – first relay station 
The axons of both antennal and maxillary palp ORNs converge on ~43 discrete 
glomeruli in the antennal lobe (AL) where they synapse on higher-order projection 
neurons (PNs) and local interneurons (Fig. I-3) (Laissue et al., 1999; Jefferis et al., 2001; 
Ng et al., 2002). ORNs expressing the same ORs target the same identified glomeruli in 
the AL allowing researchers to construct odortopic maps in the primary olfactory 
neuropil (Couto et al., 2005; Fishilevich and Vosshall, 2005). This anatomical 
connectivity scheme between ORs and glomeruli, combined with the response profiles of 
the ORs provides a functional atlas of the AL, in which to some extent odorants can be 
predicted based on the particular glomeruli they innervate. However, while the 
Drosophila brain contains an odortopic map in the olfactory receptor neurons, there is 
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also evidence that odor information is encoded in insects by the temporal patterns of 
activity in the ORNs and the PNs emerging from the AL (DasGupta and Waddell, 2009; 
Laurent and Naraghi, 1994; Wilson et al., 2004). 
Local interneurons ramify throughout the AL, making connections both between 
and within distinct glomeruli (Stocker et al., 1990). Both GABAergic inhibitory (Jackson 
et al., 1990; Wilson and Laurent, 2005) and cholinergic excitatory (Shang et al., 2007; 
Olson et al., 2007) local neurons have been reported. These connections have been 
suggested to modulate the gain of the projection neurons and transform the odor 
representation to increase coding capacity of the system (Stopfer et al., 2003; Bhandawat 
et al., 2007). This indicates that the AL possesses essential computational capacity in 
addition to serving as a simple conduit between ORNs and PNs. 
 
Projection neurons connect to higher brain centers 
Incoming ORN axons synapse in glomeruli that contain the uniglomerular 
dendrites of 3-4 of the ~150 projection neurons (PNs). Some PNs respond to specific 
odors but many PNs are more broadly tuned and can be activated or inhibited by almost 
all odors, implicating significant local interneuron mediated cross-talk (Wilson et al., 
2004). PNs convey odor information from the AL to the lateral horn (LH) and the 
mushroom body (MB) (Fig. I-3). PN information travels to these areas of the brain along 
three different antennal-cerebral tracts (ACTs). PNs transmit olfactory information via 
the internal, middle and lateral ACTs to the LH, which has been implicated in innate odor 
avoidance (de Belle and Heisenberg, 1994) but whose function is otherwise not well 
understood. PNs in the internal ACT also target the MB calyx en route to the LH (Jefferis 
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et al., 2007). Interestingly, although the MBs are required for olfactory associative 
conditioning, ablating these key structures has no effect on the animal’s ability to avoid 
certain concentrations of odors (de Belle and Heisenberg, 1994). This finding leads to the 
idea that the lateral horn represents an experience-independent pathway and the 
mushroom bodies provide the fly with a neural network to encode olfactory experience. 
One study suggested that attractive and repulsive olfactory information is differentially 
represented between the lateral horn and mushroom bodies. Blocking MB output 
perturbed odor driven attraction but not repulsion (Wang et al., 2003). 
In some insects, plasticity in the antennal lobes is involved in memory (Meller 
and Davis, 1996; Menzel, 2001). There is evidence in Drosophila that the ALs are a site 
for the formation of short-term olfactory memories. Utilizing transgenic flies expressing 
the synaptic reporter synapto-pHluorin (Ng et al., 2002) in the PNs, a single fly was 
classically conditioned to associate a specific odor with electric shock (Yu et al., 2004). It 
was demonstrated that conditioning recruits new synaptic activity of PNs that fail to 
respond to the CS prior to training, uncovering short-term plasticity in the odor-evoked 
response of PNs (Yu et al., 2004). A different report of the ALs showed odor-induced 
changes in Ca2+/calmodulin-dependent protein kinase II synthesis following a long-term 
memory training protocol (Ashraf et al., 2006). 
Recent research demonstrated for the first time that plasticity in PNs contributes 
to memory in fruit flies (Thum et al., 2007). For associative memories, the underlying 
traces can be localized to single groups of neurons or synapses in the corresponding 
neural circuits. To map them, it is often asked whether neuronal plasticity in specific 
subsets of neurons is necessary and/or sufficient for mediating the conditioned behavior. 
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To address the possibility of multiple traces in PNs and KCs for the short-term olfactory 
memory, cell groups were mapped by rescuing the memory of the rutabaga (rut) mutant 
flies with targeted expression of wild-type rut cDNA (Zars et al., 2000). The rut gene 
encodes a type I calcium/calmodulin-activated adenylate cyclase (AC) (Han et al., 1992; 
Levin et al., 1992) onto which the internally processed conditioned stimulus (odor) and 
unconditioned stimulus (shock or sugar) are proposed to converge (Abrams et al., 1998). 
It was found that the Rut-dependent memory trace in the PNs was specific to sugar-
reward learning (Thum et al., 2007), setting the stage for further experimentation to 
determine why this is (see Chapter VI).  
 
Mushroom body odor representation 
 The mushroom body, a bilaterally symmetric structure, consists of ~5000 intrinsic 
neurons, knows as Kenyon cells, which can be classified into assorted groups based on 
their lineage, preferential gene expression and axonal projections: in birth order, the γ-, 
α′β′- and αβ-neurons. However, higher resolution of these five subdivisions reveals 
additional subdomains, such as the α-/β-core and β′′ regions, revealed by 
immunostaining for the putative neurotransmitters asparate, glutamate and taurine 
(Strausfeld et al., 2003). Several anatomical studies have revealed that individual PNs 
originating from identified antennal lobe glomeruli stereotypically send their terminal 
arborizations to distinct regions of the lateral horn (Wong et al., 2002; Martin et al., 2002; 
Tanaka et al., 2004; Jefferis et al., 2007) and the mushroom body calyx (Tanaka et al., 
2004; Jefferis et al., 2007; Lin et al., 2007), in accordance with distinct odor-evoked 
activity patterns in the calyx (Fiala et al., 2002; Yu et al., 2006). However, whether the 
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mushroom body acts as an integrative center, with all types of Kenyon cells receiving 
input from all input regions (Tanaka et al., 2004), or if a strict separation of Kenyon cell 
populations exist, remains unclear. 
 Owing to the profusion of ORNs comparative to PNs, neural connectivity 
suggests that odors are represented as sparse codes in the mushroom bodies. This 
prediction is supported by optical imaging studies. One of the pioneer Drosophila live 
imaging studies employing the genetically-encoded Ca2+ indicator cameleon implied that 
odors elicit stereotyped activation of PNs in distinct regions of the MB calyx (Fiala et al., 
2002). Furthermore, similar odor-stereotyped Ca2+ influx patterns have been imaged 
using the Ca2+ sensor G-CaMP in the cell bodies of MB neurons (Wang et al., 2004), 
indicating odors do activate specific subsets of Kenyon cells. These studies suggest that 
individual odors could be represented sparsely as labeled lines in the mushroom bodies. 
Work in locusts found that representations in the antennal lobe are dense, dynamic and 
seemingly redundant, whereas in the mushroom bodies they are sparse and carried more 
selectively (Perez-Orive et al., 2002). Under the assumption of a sparse code the 
mushroom body seems to be a well-suited substrate for associative learning because a 
reinforcing punishment or reward signal may in turn interact with very specific odor 
representations in the Kenyon cells during conditioning. Nevertheless, although odors 
may evoke activity in a sparse array of Kenyon cells, it is not clear how the information is 
represented within the mushroom body lobes because the extent of interconnections by 
gap junctions and/or chemical synapses is unknown. 
 
I.E. Processing the aversive and appetitive unconditioned stimulus. 
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 It has long been assumed that shock and sugar are encoded differently, as far as 
their peripheral input pathways, relays and wiring in the brain, representative 
neurotransmitters or peptides and localization of their corresponding receptors. One 
seminal study expounded on these differences and formed a new dogma in the field 
(Schwaerzel et al., 2003).  
 
Electric shock punishment 
Previous experiments with flies carrying temperature-sensitive alleles of the dopa-
decarboxylase gene involved in the biosynthesis of dopamine had indicated a role for this 
monoamine in electric shock olfactory learning (Tempel et al., 1984). In attempts to 
determine which neurons mediate the reinforcing properties of electric shock, the 
dominant temperature-sensitive shibirets1 (shits1) transgene (Kitamoto, 2001) was 
expressed in dopaminergic neurons and memory experiments were performed at either 
the permissive (<25°C) or the restrictive (>31°C) temperature (Schwaerzel et al., 2003). 
At the restrictive temperature, shits1 blocks vesicle recycling and thereby blocks synaptic 
vesicle release. This tool has been used extensively in Drosophila neuroscience, under 
the spatial control of the GAL4/uas system (Brand and Perrimon, 1993), to acutely 
ascertain the necessity of specific neurons at different times during defined behaviors 
(Waddell et al., 2000).  
In this study, the researchers focused exclusively on the role of dopamine (DA) in 
olfactory learning using the transgenic line TH-Gal4 carrying Gal4 under the control of 
the regulatory region of the tyrosine hydroxylase (TH) gene (Friggi-Grelin et al., 2003). 
TH catalyzes the first step in DA biosynthesis, and the TH gene is selectively expressed in 
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most or all dopaminergic neurons in the CNS. When the chemical synapses in these cells 
were blocked, by combining the TH-Gal4 driver with the uas-shits1 effector transgene, 
aversive olfactory memory was severely impaired at the restrictive temperature, 
suggesting a requirement for these neurons during shock-reinforced training (Schwaerzel 
et al., 2003). Notably, this phenotype was not observed at the permissive temperature 
when synaptic transmission is unaffected. Furthermore, synaptic output from this set of 
dopaminergic neurons was dispensable for sucrose-reinforced olfactory conditioning 
(Schwaerzel et al., 2003). Similar results have recently been shown for larvae, in which 
maggots could not form negatively reinforced memories when the dopaminergic circuitry 
was perturbed at the time of association (Honjo and Furukubo-Tokunaga, 2009). The 
sufficiency of dopaminergic neurons to induce aversive olfactory memories has also been 
demonstrated in larvae, where the undesirable effect of a punitive salt stimulus was 
substituted by light-induced artificial activation of dopaminergic neurons (Schroll et al., 
2006). 
Optical imaging experiments concluded that dopaminergic neurons projecting 
across parts of the mushroom body lobes are responsive to punitive electric shock, but 
only weakly to odor stimuli (Riemensperger et al., 2005). However, using an alternative 
Ca2+ sensing reporter, others found electric shock activates projection neurons, dorsal 
paired medial neurons and Kenyon cells of the mushroom bodies (Yu et al., 2004; Yu et 
al., 2005; Yu et al., 2006). Shock may be sensed by a relatively non-specific activation of 
multiple sensory neurons, presumably in the legs since the flies are standing on the 
electric grids when they receive the shock. Additionally, it seems likely that the shock-
sensing mechanism not only lies on the periphery but is manifest as a fairly non-specific 
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depolarization of groups of internal neurons. Given that a series of 90mV electrical pulses 
may depolarize neurons globally throughout the organism, specificity using this assay is 
sorely lacking.  
Dopaminergic neurons extensively innervate the mushroom body, with little to no 
arborization in the antennal lobe (Riemensperger et al., 2005). Further analyses identified 
two dopamine receptors, dDA1 and DAMB, highly enriched in the MBs that stimulate 
the cAMP pathway (Han et al., 1996; Kim et al., 2003). Consistent with the idea that 
dopamine represents the reinforcing properties of the shock unconditioned stimulus, 
dDA1 is required in the MBs for aversive olfactory conditioning (Kim et al., 2007). 
However, it was also reported that this same receptor, dDA1, was necessary for sugar-
reinforced olfactory memory, which is the first indication that the model of differential 
involvement of dopamine and octopamine (Schwaerzel et al., 2003) is more complex than 
once envisioned (Kim et al., 2007). To this date, no memory phenotype for DAMB 
mutants has been shown.  
It will be interesting to test whether the DA neurons along with their cognate 
receptors generally represent aversive stimuli or whether they are specific to shock 
reinforcement. In the cricket, pharmacologically blocking DA receptors impairs aversive 
olfactory and visual conditioning employing high concentrations of salt as a negative 
reinforcer (Unoki et al., 2005; Unoki et al., 2006). Recently, it was reported that 
honeybees could be conditioned for the sting extension reflex using odorants paired with 
electric shock and this aversive associative learning is also suppressed in the presence of 
DA receptor antagonists (Vergoz et al., 2007).  
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Sucrose reward 
 The sugar-reinforced olfactory conditioning assay offers several advantages over 
the protocol employing electric shock. While the input pathway and thus, the memory 
trace, for shock is unknown and unspecified, much work has been devoted to 
understanding the gustatory receptors (GRs) and gustatory receptor neurons (GRNs) that 
relay taste modalities from the periphery to the brain (for review see Scott, 2005; Amrein 
and Thorne; 2005). Taste perception allows nutritionally rewarding food to be 
discriminated from food that is contaminated and toxic. Generally, foods that are sweet 
are eaten by fruit flies, whereas bitter substances are avoided. Unlike humans, however, 
fruit fly taste perception is not restricted to one tissue. Instead, flies have taste bristles on 
the labellum (human tongue equivalent), and also on the wings, legs, genitalia and in the 
pharynx. 
 Taste bristles on the labellum contain two to four gustatory receptor neurons, the 
dendrites of which extend into the bristle shaft. These GRNs express a class of G-protein-
coupled-receptors (GPCRs), called gustatory receptors (GRs) that are thought to activate 
the neuron upon contact with a soluble ligand. Initially identified based on their structural 
similarity to Drosophila odorant receptors (ORs) (Clyne et al., 2000), the GR gene family 
contains 70 members with relatively low sequence similarity (15–25%) (Dunipace et al., 
2001; Scott et al., 2001; Robertson et al., 2003). Using the GAL4/uas system to drive the 
expression of green fluorescent protein (GFP), the first peripheral GR expression map for 
a subset of receptors was provided, demonstrating that GRs are expressed in GRNs of the 
labellum, wings, legs and pharynx (Dunipace et al. 2001; Scott et al. 2001). Activation of 
either labellar or tarsal gustatory neurons with a sugar solution results in proboscis 
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extension, which is a component of feeding behavior (Dethier, 1976; Rodrigues and 
Siddiqi, 1978). 
Moreover, some GR genes are expressed only in a particular taste tissue, whereas 
others are widely expressed in multiple taste tissues. Anatomical and cobalt filling studies 
have shown that GRNs from different peripheral tissues project to different regions of the 
suboesophageal ganglion (SOG) and tritocerebrum in the brain (Edgecomb and Murdock, 
1992; Nayak and Singh, 1985; Stocker and Schorderet, 1981). Different populations of 
GRNs from the same tissue have distinct projection patterns and GRNs expressing the 
same GR gene send their axons to diverse areas of the SOG (Thorne et al., 2004; Wang et 
al., 2004), even though the SOG lacks glomerular organization like the antennal lobe 
(Nayak and Singh, 1985; Stocker and Schorderet, 1981). 
 A number of gustatory receptors have been functionally characterized, but for the 
relevance and purposes of this thesis, only two of them will be described. In 
electrophysiological studies, the gustatory receptor Gr5a was shown to be a receptor for 
trehalose, a disaccharide sugar (Dahanukar et al., 2001; Ueno et al., 2001; Chyb et al., 
2003). Gr5a is expressed in a large number of gustatory neurons in the labellum (Chyb et 
al., 2003), and previous studies have shown that Gr5a is required to respond behaviorally 
to sugars (Wang et al., 2004; Thorne et al., 2004). When these neurons are ablated, using 
a uas-DTI (diphtheria toxin) transgene under control of a promoter-fused Gr5a-GAL4, 
proboscis extension response is drastically reduced to trehalose, sucrose, glucose and low 
salt (Wang et. al, 2004). Silencing transmission from these neurons via TNT (tetanus 
toxin) results in diminished sensitivity to trehalose but not low concentrations of sucrose 
in a taste preference assay (Thorne et al., 2004; Tanimura et al., 1982). Additionally, it 
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has been shown that Gr5a serves as a marker for the sugar neuron in each sensillum and 
its activation is sufficient to mediate acceptance behavior on a preference quadrant plate 
assay (Marella et al., 2006). Physiological and behavioral analysis showed that sucrose 
response is not affected in flies lacking Gr5a (Dahanuker et al., 2001), suggesting that 
these neurons express at least one other receptor. Recently, three independent laboratories 
identified Gr64a as critical for the electrophysiological and behavioral response to the 
disaccharide sugar, sucrose (Jiao et al., 2007; Slone et al., 2007; Dahanuker et al., 2007). 
Strikingly, flies lacking both Gr5a and Gr64a did not show electrophysiological or 
behavioral responses to a battery of tested sugars (Dahanuker et al., 2007). These 
collective findings demonstrate that the sugars divide into two classes that are dependent 
either on Gr5a or on Gr64a for their responses with the simplest interpretation being that 
these two receptors are capable of operating independently of each other in an individual 
sugar neuron, and that they constitute the primary basis of sugar reception in the fly. 
 Despite a detailed analysis of the GRN axonal projections to the SOG in the brain, 
it remains unclear how sugar information is relayed to higher-order brain structures, most 
notably the mushroom bodies where it is hypothesized the sugar and odor stimuli 
information are associated. One possible transit for conveying sucrose reward to the MBs 
are octopamine-positive neurons, with cell bodies in the SOG vicinity and arborizations 
that branch extensively throughout the antennal lobe in addition to the innervation of 
parts of the mushroom body lobes and lateral protocerebrum (Cole et al., 2005; 
Sinakevitch and Strausfeld, 2006). This idea is based primarily on landmark studies in the 
honeybee (Hammer, 1993; Kreissl et al., 1994), where it was shown that the stimulation 
of the octopaminergic ventral unpaired median (VUMmx1) neuron, which bifurcates into 
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the antennal lobe and mushroom body calyx, could substitute for sugar presentation in the 
honeybee proboscis extension reflex model of associative conditioning (Hammer et al., 
1993). 
 TβH mutants, those lacking the enzyme tyramine beta hydroxylase required for 
converting tyramine into octopamine are deficient in the sucrose assay but display normal 
learning and memory performance in the shock paradigm (Schwaerzel et al., 2003). The 
sugar-reinforced memory defect was rescued by inducing a heat shock-TβH transgene 
pan-neuronally in adult flies, or by octopamine feeding prior to training suggesting an 
acute role for OA in memory (Schwaerzel et al., 2003). A transgenically expressed light-
activated cation channel, channelrhodopsin-2, driven via Tdc2-GAL4 revealed that light-
induced activation of octopaminergic/tyraminergic neurons produces appetitive memory 
formation in larvae, where the stimulation of these neurons replaces the rewarding effects 
of a sucrose reward (Schroll et al., 2006). The requirement for octopamine release was 
demonstrated, as larvae were unable to develop appetitive memories when the 
tyraminergic/octopaminergic circuitry was perturbed with uas-shits1 during odor and 
sucrose conditioning (Honjo and Furukubo-Tokunaga, 2009). 
 In Drosophila, monoamines are proposed to signal the US to MB neurons through 
their specific G-protein coupled receptors (GPCRs) and are thought to activate adenylate 
cyclase via trimeric G-proteins. Memory is believed to gain pathway specificity in the 
circuit by virtue of its reliance on coincident activity between activity patterns in specific 
CS pathway neurons and modulatory monoamine release. The current model for 
appetitive olfactory conditioning in flies suggests that rewarding unconditioned stimulus 
information is provided by OA activating GPCRs on MB neurons. Finding the receptor(s) 
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through which OA exerts its function would be a major leap forward in the understanding 
of the molecular mechanism of appetitive memory and would allow for the localization 
of the circuitry modulated by OA. Five potential OA receptors (OARs) were initially 
described by sequence in Drosophila and the pharmacology and second messenger 
coupling ability of these receptors has been characterized following functional expression 
in cell culture (Maqueira et al., 2005; Balfanz et al., 2005). CG7485 is preferentially 
activated by tyramine whereas the remaining four receptors encoded by the CG3856 
(oamb), CG6919 (oa2), CG6989 (Octβ2R) and CG7078 (Octβ3R) genes are 
preferentially activated by octopamine. As the name implies, oamb - octopamine receptor 
in mushroom bodies - (CG3856) was also identified as an octopamine responsive receptor 
that showed high level expression in MBs (Han et al., 1998). Furthermore, it was reported 
that the oamb receptor coupled to cAMP and Ca2+ and this combined with oamb’s 
expression in the MBs made it a good candidate for memory-relevant US processing in 
MBs (Han et al., 1998). To this date, no one has reported an appetitive olfactory memory 
phenotype in any of these OA receptor mutant fly lines. However, pharmacological 
interference with OA receptors perturbs appetitive associative olfactory and visual 
conditioning in crickets (Unoki et al., 2005; Unoki et al., 2006). Furthermore, disrupting 
honeybee OA receptor mechanism either by the OAR antagonist, mianserin, to block 
receptor function, or OAR double-stranded RNA to silence receptor expression inhibited 
olfactory acquisition and recall (Farooqui et al., 2003). 
 
I.F. Mushroom bodies as coincidence detecting memory centers. 
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The mushroom bodies (MBs) are paired structures in the insect brain that were 
implicated in intelligent behavior over a hundred years ago (reviewed in Strausfeld et al., 
1998). Well-defined experiments in Drosophila have consolidated and improved our 
understanding of these structures in learning and memory. Current dogma posits that the 
fly nervous system stores associative memories within MB neurons that receive both the 
conditioned stimulus odor information and the unconditioned stimulus of shock 
punishment or sugar reward. 
 
Early evidence for necessity 
  Data gathered over the years strongly implicates the MBs in olfactory memory. 
Speculation that this anatomical region is central for insect intelligence dates back to 
1850 (Dujardin, 1850). Early studies using localized cooling in the honeybee 
demonstrated that this manipulation disrupts memory after conditioning in an olfactory 
reward paradigm (Erber and Menzel, 1980). Here, the head capsule of the honeybee was 
carefully removed revealing the brain of the live animal, whereupon a cooling probe was 
used to contact the MBs immediately after training the honeybee to associate a specific 
odor with a sucrose solution reward (Erber and Menzel, 1980). The first evidence for a 
role of the Drosophila MBs came from the identification of a collection of anatomical 
brain mutants (Heisenberg et al., 1985). Those with deformed or atypical MBs, such as 
mbd (mushroom body deranged) and mbm (mushroom body miniature), were deficient in 
associative olfactory conditioning. Following up on these morphological studies, 
pharmacological ablation of the mushroom bodies, using hydroxyurea, abolished 
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olfactory learning in flies that could otherwise detect odors and shock normally (de Belle 
and Heisenberg, 1994). 
 
Localizing memory genes – the current model of molecular processes underlying fly 
learning and memory 
 In concurrence with anatomical analyses, the first attempts to localize memory-
relevant gene products labeled the intrinsic mushroom body neurons (Crittenden et al., 
1998). In many organisms, cyclic AMP (cAMP) has been shown to be a crucial second 
messenger in learning and memory as well as synaptic plasticity (Lechner and Byrne, 
1998). It is the principal pathway activated by serotonin in the Aplysia gill-withdrawal 
reflex (Abel and Kandel, 1998). Furthermore, manipulation of this signaling cascade in 
mammals disrupts memory as well as popular cellular models of memory, such as long-
term potentiation (LTP) and long-term depression (LTD) (reviewed in Mayford and 
Kandel, 1999). Drosophila mutants carrying mutations in genes that affect cAMP 
metabolism or regulation are impaired at olfactory learning, and these genes are 
expressed in the mushroom bodies at elevated levels (Fig. I-4) (Davis, 1993). These 
include dunce (cAMP phosphodiesterase), rutabaga (Type I adenylyl cyclase), PKA-RI 
(PKA regulatory subunit), DC0 (PKA catalytic subunit), dCREB2 (cAMP-responsive 
transcription factor), amnesiac (Putative neuropeptide) and Neurofibromin (NF1) (Ras-
GTPase activating protein) (for full list see Keene and Waddell, 2007). Though it is 
assumed that these molecules represent a linear signal transduction cascade, it remains to 
be determined whether they are expressed in exactly the same, overlapping or distinct 
sets of mushroom body neurons. Furthermore, many of these mutants also show aberrant 
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synaptic plasticity at the larval neuromuscular junction on the neuronal side (Koh et al., 
2000). 
 One of these genes that is preferentially expressed in the MBs (Han et al., 1992), 
rutabaga (rut), codes for a calcium/calmodulin (Ca/CaM)-dependent adenylyl cyclase 
(Fig. I-4) (Levin et al., 1992), which has been considered to be the molecular site of 
convergence of the unconditioned and conditioned stimuli pathways in associative 
conditioning (Livingstone et al., 1984). Type I adenylyl cyclase (AC) can be 
synergistically activated by stimulatory G-protein alpha subunits (Gsα) and 
Ca2+/calmodulin and therefore has a potential function as a coincidence detector 
(Wayman et al., 1994). This places Type I ACs at the center of molecular models of 
associative learning with the converging signaling systems carrying the information from 
both learning stimuli. Current Drosophila learning models hypothesize that CS-US 
association engages the cAMP pathway in CS pathway neurons through synergistic 
activation of type I ACs. Odor information (CS) is represented by action potentials in the 
relevant olfactory pathway neurons. These propagating action potentials cause Ca2+ 
influx through voltage-gated Ca2+ channels. Monoamines, such as dopamine and 
octopamine, representing the instructive unconditioned stimuli of shock and sucrose, 
respectively, are believed to bind to their associated receptors and activate the cAMP 
pathway (Fig. I-4). By analogy with the Aplysia gill-withdrawal reflex, the electric shock 
conduit is thought to be conveyed by a modulatory monoamine (serotonin in Aplysia) 
binding to a G-protein coupled receptor (GPCR) that liberates the Gsα subunit from Gβ 
and Gγ subunits (Mayford and Kandel, 1999). AC activation is also critical for 
mammalian memory as gene knock-out of AC1 and AC8, the two Ca2+/calmodulin-
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stimulated ACs in the mouse brain, disrupts hippocampus-dependent long-term memory 
and late phase LTP (Wong et al., 1999). 
  The principal consequence of elevating cAMP upon activation of GPCRs is the 
activation of cAMP-dependent protein kinase (PKA) (Fig. I-4). In Drosophila, PKA 
manipulation by inducing temporally-regulated transgenes or by mutations in genes for 
catalytic (DC0) or regulatory (PKA-R1) subunits impairs memory (Drain et al., 1991; 
Skoulakis et al., 1993; Goodwin et al., 1997). Similar effects are seen in honeybees and 
mice demonstrating that the role of PKA in memory is conserved (Muller, 2000; Abel et 
al., 1997).  
Current models predict that the length of time the cAMP pathway is activated is 
key to the stability of the encoded memory. For instance, single training trials result in a 
transient rise in PKA activity and short-term memory. In contrast, multiple spaced 
training trials result in a prolonged increase in PKA activity and long-term memory. 
These conclusions were compellingly confirmed in honeybees using a photo-activated 
cAMP analogue, where a single training trial-induced short-term memory was converted 
into long-term memory by synthetically prolonging PKA activation during training 
(Muller, 2000). Further, transgenic reduction of PKA activity in the mouse impairs late 
long-term potentiation (L-LTP), spatial memory and long-term contextual fear 
conditioning (Abel et al., 1997). 
The simplest model to account for the above observations is that prolonged cAMP 
elevation causes prolonged PKA activation.  In turn, persistent PKA activation induces 
long-term synaptic change that engenders memory. Long-term memory is dependent on 
PKA, new gene expression and new protein synthesis. Further, it requires the cAMP 
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responsive transcription factor CREB (cAMP response element binding protein) that is 
phosphorylated by PKA (Fig. I-4). CREB inhibition in Aplysia, flies and mice disrupts 
LTM (Dash et al., 1990; Yin et al., 1994; Bourtchuladze et al., 1994). CREB is the focus 
of complex regulation by multiple second messenger systems that contribute to LTM 
formation - including PKA and the Erk/MAP kinase pathway (Shaywitz and Greenberg, 
1999; Kornhauser et al., 2002; Sweatt, 2001). 
In the case of rutabaga, functional studies have confirmed that mushroom body 
expression is critical for memory. Selectively expressing rut cDNA in the mushroom 
bodies rescues both the aversive and appetitive olfactory memory defects of rut mutant 
flies, indicating that Kenyon cells encompass a critical location of rut function in memory 
(Zars et al., 2000a; Schwaerzel et al., 2003; Thum et al., 2007). Acute MB rescue 
exclusively in adults also reverses the behavioral phenotype observed in rut mutants 
(McGuire et. al., 2003; Mao et al., 2004), suggesting sufficiency of the cAMP pathway in 
the adult MBs and eliminating any possible developmental perturbation. These results are 
consistent with a study that spatially expressed a constitutively active mutant Gsα protein 
predicted to permanently upregulate Rut-AC in the MBs, blocking shock olfactory 
learning (Connolly et al., 1996). Furthermore, selective expression of rut cDNA in the γ 
lobes of a rut mutant rescued aversive short-term memory, while expression in the α/β 
lobe neurons had no effect (Zars et al., 2000a), supporting the importance of this MB 
subset in short-term memory. Interestingly, rut cDNA expression in the projection 
neurons rescued the rut mutant deficiency in the sugar-reinforced appetitive olfactory 
paradigm, but could not rescue the memory phenotype in the shock-reinforced aversive 
olfactory paradigm (Thum et al., 2007). Additionally, rutabaga rescue has been shown in 
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other areas of the fly brain for distinct learning modalities, such as distinct layers of the 
fan-shaped body in the central complex for visual learning (Liu et al., 2006), and the 
ventral ganglion, antennal lobes, and median bundle in a heatbox spatial learning 
paradigm (Zars et al., 2000b). 
 
Mushroom body substructure 
 Abundant evidence indicates the paired mushroom bodies as the major brain 
center to process and consolidate olfactory memory. As previously mentioned, a single 
MB consists of ~2500 intrinsic Kenyon cells (KCs), which can be subdivided into γ, α′β′, 
pioneer αβ, early αβ and late αβ neuron groups (Crittenden et al., 1998). The calyx 
houses MB dendrites (Fig. I-5), where they synapse with projection neuron axonal 
termini. The axons of the Kenyon cells extend ventral-frontally forming the vertical α 
and α′ lobes and the medial β, β′ and γ lobes (Fig. I-5) (Lee et al., 1999). These subtypes 
can be visualized by antibodies against various transmitters and neuropeptides, and more 
directly by enhancer trap lines driving the expression of reporter genes such as green and 
red fluorescent proteins. 
 To examine the necessary MB circuits involved in memory processes, the 
temperature-sensitive dynamin transgene shibirets1 was driven in subsets of KCs, 
allowing one to block synaptic transmission by raising the temperature (Kitamoto, 2001). 
Using this tool in the yeast transcriptional activator system, GAL4/uas (Brand and 
Perrimon, 1993) allows both spatial and temporal specificity where populations of 
neurons can be manipulated acutely and reversibly (Waddell et al., 2000) allowing for the 
dissection of dynamic memory processes such as acquisition, consolidation and retrieval. 
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Three independent studies found that synaptic output from the Kenyon cells was required 
during testing (memory retrieval) but not during training (memory acquisition) or storage 
(memory consolidation) in the aversive shock-reinforced assay (Dubnau et al., 2001; 
McGuire et al., 2001; Schwaerzel et al., 2003). Additionally, blocking synaptic 
transmission in the MBs during retrieval inhibits appetitive sucrose-reinforced olfactory 
memory (Schwaerzel et al., 2003). Importantly, the GAL4 enhancer trap lines used in 
these publications selectively drive expression in the α, β and γ lobes with very little to 
no expression in the α′β′ neurons (Dubnau et al., 2001; McGuire et al., 2001; Schwaerzel 
et al., 2003).. 
 
Memory phases 
 Memories alter their properties over time. Early on, they are labile and hence 
sensitive to anesthetic treatments. Later, they are stabilized, strengthened and 
consolidated and become resistant to such anesthetic manipulations. Three distinctive 
memory phases have been described in Drosophila following either a single trial or 
massed training: short-term memory (STM), middle-term memory (MTM) and 
anesthesia-resistant memory (ARM) (Tully et al., 1994). STM, often referred to as 
learning, is observed shortly after training and decays in less than an hour. MTM is 
postulated to follow STM and is described as lasting from one to three hours. ARM 
initially coexists with MTM but supposedly persists longer, lasting out to and beyond 24 
hours, and is disrupted by the radish (rsh) mutation. These mutants are selectively 
deficient in anesthesia resistant memory following application of cold-shock treatments 
(Folkers et al., 1993), a procedure in which flies are placed in pre-chilled vials and 
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plunged into an ice bucket immediately knocking them out. This model predicts a linear 
pathway beginning with STM, followed by MTM and finally ending with ARM, a 
protein-synthesis-independent form of long-term memory (Tully et al., 1994). An 
alternate aversive conditioning protocol is required to induce long-term memory (LTM) 
in which six to ten training sessions are given with 15-minute inter-trial intervals. This 
spaced training protocol is protein-synthesis dependent and requires the function of the 
transcription factor cAMP response element binding protein (CREB). One model 
envisions LTM coexists with ARM 24 hours after training (Quinn and Dudai, 1976; Tully 
et al., 1994), while an alternative model suggests that rsh identifies a pathway 
independent of the cAMP encoded STM-MTM pathway because ARM is allegedly 
normal in rsh mutants (Isabel et al., 2004). Importantly, the dissection of the different 
memory phases were all done using the aversive shock-reinforced olfactory conditioning 
paradigm. 
 
I.G. Outside assistance – extrinsic MB neurons involved in memory. 
 Although the majority of evidence regarding memory in the fly brain points to the 
mushroom bodies, there have been a number of studies implicating external structures 
and neurons that play critical roles at different times during memory processing.  
 
DPM neurons and memory consolidation 
Studies over the last century have determined that memory exists in time-
dependent phases and is converted from a labile to a stable state after training by a 
process termed consolidation (Dudai, 2004). Consolidation processes are usually divided 
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into either synaptic consolidation or systems consolidation. Synaptic consolidation occurs 
within minutes to hours after training whereas systems consolidation can in some cases 
take months. In mammals systems consolidation involves both parallel and sequential use 
of distinct brain regions as exemplified by consolidation of declarative memory, which 
initially requires the neural circuitry of the hippocampus and cortex but once the memory 
is consolidated, the requirement of the hippocampus is diminished. Hippocampal damage 
consequently impairs the consolidation of newly acquired memories but leaves older 
memories intact consistent with the notion that consolidated memories permanently 
reside in the cortex (Scoville and Milner, 1957). Early studies in fruit flies (and other 
insects) determined that fly memory is also consolidated within minutes or hours after 
training from an anesthesia sensitive form to anesthesia resistant form(s) (Quinn and 
Dudai, 1976; Tully et al., 1994). 
Dorsal paired medial (DPM) neurons project exclusively to the MB lobes and the 
base of the peduncle (Fig. I-6) and were identified as a site of expression of the putative 
neuropeptide encoded by the amnesiac gene (amn) (Waddell et al., 2000). The amn gene 
encodes a putative pre-pro-neuropeptide that has a short region of homology to 
mammalian Pituitary Adenylyl Cyclase Activating Peptide (PACAP) (Feany and Quinn, 
1995). Preferential expression of amn cDNA in the DPMs restored aversive olfactory 
memory in the amn mutant background, suggesting that the DPM neurons are a crucial 
site of amn action in the brain to stabilize olfactory memory (Waddell et al., 2000). It has 
been hypothesized that AMN peptide release onto the MBs is an essential part of the 
consolidation mechanism (Fig I-4). Temporally blocking synaptic output from DPMs 
with the transgenic dominant temperature sensitive dynamin (uas-shibirets1) results in an 
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amn-like memory phenotype (Waddell et al., 2000). Strikingly, neurotransmission from 
DPM neurons is dispensable during memory acquisition (training) and retrieval (testing), 
but blocking output for 30 minutes during memory consolidation (storage) significantly 
impairs aversive memory (Keene et al., 2004; Yu et al., 2005). Thus, DPM neurons have 
a prolonged yet transient role in shock-reinforced olfactory memory stability. 
One interesting idea to emerge from these studies is that the DPM neurons may be 
receptive as well as transmissive with the mushroom bodies to form a necessary recurrent 
feedback in order to strengthen and stabilize olfactory memories (Fig. I-6). A major 
hurdle to this model is that acutely blocking MB neurons during consolidation, the same 
time when DPM neuron function is required does not perturb aversive memory 
performance (Dubnau et al., 2001; McGuire et al., 2001; Schwaerzel et al., 2003). 
However, the GAL4 enhancer trap lines used in these experiments considered the MB as 
a whole but labeled only a subset of the MB neurons. Despite these observations, the 
recurrent feedback hypothesis is supported by functional imaging experiments.  
Using G-CaMP (Nakai et al., 2001) and synapto-pHluorin (Miesenbock et al., 
1998) neuronal activity reporters in a restrained fly setup demonstrated that both odors 
and shock evoke responses in DPM neurons (Yu et al., 2005). Consistent with the 
temporal requirement for DPM activity in memory stability, the odor-evoked response 
observed in DPMs is amplified 30 minutes after the pairing of odor and shock (Yu et al., 
2005). The DPM neuron projections to the vertical mushroom body α-lobes and α′-lobes 
were monitored and a memory trace specific to the previously shock-paired odor was 
detected. Moreover, the memory trace is absent in amn mutants, and can be rescued by 
selectively expressing the amn transgene exclusively in DPM neurons, suggesting a key 
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role for AMN putative peptide in the DPMs for the foundation of the memory trace  (Yu 
et al., 2005). It should be noted that no imaging studies have examined the activity of the 
DPM neurons during or after sucrose presentation. 
 
APL neurons role in gating learning 
 A recent report ascertained a functional role for the anterior paired lateral (APL) 
neurons in Drosophila aversive olfactory associative conditioning (Liu and Davis, 2009). 
Previous neuroanatomical, behavioral and physiological findings implied that the 
inhibitory neurotransmitter, γ-aminobutyric acid (GABA), mediates memory circuits in 
the fly brain. The fly GABA receptor, Resistance to Dieldrin (RDL), is preferentially 
expressed in the mushroom bodies (Harrison et al., 1996; Liu et al., 2007). 
Overexpression of RDL specifically in the MBs inhibits shock-reinforced learning, 
whereas reducing RDL expression via RNA interference enhances learning (Liu et al., 
2007). Expanding on these observations, a single neuron-labeling technique and 
immunohistochemistry revealed the APL neuron in the GH146-GAL4 enhancer trap line, 
normally used to drive expression in the projection neurons, as the first GABAergic 
neuron that projected to the MBs (Liu et al., 2009). The APLs are two bilaterally 
symmetric neurons with broad innervation of the MB calyx, peduncle and lobes (Tanaka 
et al., 2008). Knocking down GABA synthesis in the APL neuron enhanced olfactory 
learning, indicating that the APL neuron suppressed olfactory learning by releasing 
GABA (Liu et al., 2009). Functional optical imaging revealed that the APL neuron 
responded to both the conditioned (odors) and unconditioned stimuli (electric shock) used 
for training (Liu et al., 2009). Furthermore a memory trace registered as a reduced 
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response specifically to the trained odor formed in the APL neuron after conditioning, 
suggesting that olfactory learning somehow suppressed the activity of this inhibitory 
neuron (Liu et al., 2009). The conclusion from these results suggest that the APL neurons 
provide the GABAergic input to RDL receptors expressed on the mushroom body 
neurons and that this neurotransmitter-receptor dynamic plays a crucial part in 
modulating aversive olfactory learning. Importantly, a recent anatomical analysis 
identified several distinct individual and clusters of neurons that project to different areas 
of the mushroom body (Tanaka et al., 2008). Given the MBs central role in olfactory 
memories, it will be interesting to see if any of these additional neurons are involved in 
memory processing. 
 
The central complex and memory transfer 
 The predominant view of olfactory memory is that it is processed in the 
mushroom body. A recent paper suggests a mechanism akin to mammals in which 
memory is transferred from one anatomical area in the Drosophila brain to another (Wu 
et al., 2007). This mirrors recent molecular and cellular studies in rodents that have 
shown that a memory initially depends on the hippocampus, but eventually becomes 
independent of hippocampal function and may be consolidated into neocortical circuits 
(for reviews see Dudai, 2004; Frankland and Bontempi, 2005). New data proposes a role 
for a specific subset of neurons in the central complex as being necessary for subserving 
Drosophila olfactory memory consolidation. The central complex is a prominent neuropil 
area in the central brain consisting of four substructures, the ellipsoid body, the fan-
shaped body, the nodulii and the protocerebral bridge. The primary function of this 
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anatomical region is motor control, based on seminal mutant analyses of flies with 
structural damage to this area (Strauss and Heisenberg, 1993). These mutants were 
deficient in walking activity, walking speed and/or “straightness of walking” as measured 
in an object fixation test, in fast photaxis and in negative geotaxis (Strauss and 
Heisenberg, 1993). Recently, another locomotor task, referred to as bridge-gapping in 
which a wingless fly reaches across a chasm, measuring the distance before successfully 
crossing the gap, is highly dependent on the central complex (Pick and Strauus, 2005). 
Furthermore, the GABAergic ring neurons of the ellipsoid body are necessary and their 
plasticity is sufficient for a functional spatial orientation memory in flies (Neuser et al., 
2008). Finally, discrete layers of neurons in the fan-shaped body contain part of a 
network mediating visual pattern recognition, as short-term memory traces were localized 
to this region (Liu et al., 2006). 
 Previous work demonstrated that the glutamate receptor N-methyl D-aspartate 
(NMDAR) function in Drosophila olfactory learning and thereafter during long-term 
memory consolidation (Xia et al., 2005). New data implicates a role for the R4m neurons 
of the ellipsoid body as being a critical site for memory consolidation. Specific disruption 
of functional NMDARs by RNAi-mediated knockdown of either subunit of the receptor 
in the R4m neurons of the ellipsoid body specifically abolishes protein-synthesis-
dependent LTM, insinuating that the ellipsoid body is important during memory 
consolidation (Wu et al., 2007). This role for NMDARs is also specific for memory phase 
(LTM) and brain region (ellipsoid body), as initial learning and early memories were not 
affected when NMDARs were knocked down in the ellipsoid body, and LTM was not 
impaired when NMDARs were knocked down in the mushroom body (Wu et al., 2007). 
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Furthermore, blocking synaptic output from the ellipsoid body or mushroom body 
disrupted memory retrieval, but not acquisition and consolidation, supporting a model 
where memory is first acquired in the mushroom body and then is transferred to the 
ellipsoid body for storage during memory consolidation, and then may or may not be 
transferred back during retrieval (Wu et al., 2007). These results are particularly 
surprising when one considers that impairing neurons of the central complex leads to 
severe locomotor responses (Strauss and Heisenberg, 1993). Interestingly, the phenotype 
observed by blocking these ellipsoid body neurons affects retrieval when the flies are 
tested by their ability to move toward or away from the conditioned odorant. If the 
animal’s ability to move properly was upset during this time, it is very possible that the 
behavioral phenotype was non-specific, related to a loss of motor control rather than a 
defect in memory retrieval.  
 
I.H. Motivational theory: studying motivation in fruit flies. 
 “Motivation is a specific state of endogenous activity in the brain which under the 
modifying influence of internal conditions and sensory input leads to behavior resulting 
in sensory feedback or changes in internal milieu which then causes a change (reduction, 
inhibition, or another) in the initial endogenous activity”     Dethier, 1976 
 
Without memory, everything we do would be a new, and uncharted, adventure. 
Although we use memory of prior experience to direct future behavior, whether we take 
advantage of our memory or not usually depends on our motivational state. For example, 
although you know the location of your refrigerator in the kitchen, you do not actively 
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seek out the food within it, unless you are hungry. In certain disease-states, such as 
affective disorders and addiction, this motivational control goes awry and behavior 
becomes compulsive. Drosophila can be easily taught to associate odor cues with food 
reward but they have to be hungry to display appetitive memory (Tempel et al., 1983). 
Flies therefore provide an ideal model to decipher the integration between memory and 
motivation. 
 
Motivation theory 
 Motivation refers to goal-directed behaviors that guide an animal toward a 
particular objective object, an essential interaction that promotes survival and maintains 
species. Motivated behaviors include feeding, mating, thermoregulatory, and 
aggressive/defensive actions. The probability of a particular behavior being expressed at 
any time is dependent on the integration of different sets of information. For example, the 
likelihood of an animal seeking and consuming food relies on information from systems 
that control circadian timing and regulate arousal state, inputs derived from interosensory 
information that encode internal state (glycogen stores, amino acid levels), altered 
hormonal and/or neuropeptide modulation (ghrelin, insulin, NPY) and inputs derived 
from classic sensory modalities (smell, vision, taste) (Watts and Swanson, 2002). These 
interactions determine the strength of the drive associated with a particular behavior, in 
this case, food search and ingestion. We can employ our appetitive olfactory conditioning 
paradigm to investigate the circuitry tying satiety levels with memory, since food 
deprivation is required to elicit performance in the assay. During training, when the flies 
are receiving the conditioned odor and sucrose reward stimulus simultaneously, an 
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important function arises from the dynamic interaction of sensory inputs and the central 
neural networks that control hunger and motor function. After conditioning, memory 
processing is critical, as the previously rewarded experience of an objective object is 
stored in the brain available for retrieval at the appropriate time, when the flies encounter 
the conditioned odorant again and most importantly when they are hungry. Drive states 
are theorized to exist in feedback loops so when a goal is achieved, information is relayed 
throughout the animal, inhibiting specific behaviors. Using our feeding analogy, internal 
cues signify hunger in the animal, which increases locomotor exploratory behavior until a 
food source is found. When appropriate gustatory stimuli activate the external 
chemoreceptors, the sensory input to the central nervous system not only initiates feeding 
but inhibits locomotion. When feeding has ceased, internal stimuli inhibit any further 
incoming chemosensory input, satiation occurs through internal signals (hormonal, 
neural, metabolic) of the animal as the hunger drive is reduced and the inhibition of 
locomotion is released (Dethier, 1976) 
 
A systems model 
 Frederick Toates and Barry Singer have developed a theory of motivation that 
nicely illustrates the value of our observation that memory expression can be suppressed 
via feeding after training in our appetitive olfactory conditioning assay (Toates, 1986). 
According to this model, a motivational state is aroused depending on the internal 
parameters of the animal, represented by K1. The motivational drive we are manipulating 
is feeding/food seeking behavior using a sucrose reward to train flies. In this example, K1 
is the integrated factor incorporating the sensory stimulus eliciting a response 
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(conditioned odorant), the learned representation stored in the brain (memory linking the 
conditioned odorant with a food reward) and the internal state of the animal (hunger and 
energy levels).  During associative conditioning, K1 is high (energy stores are low), so 
that the sucrose arouses the motivational state and elicits consumption. This energy state 
depends on a range of internal factors such as circulating hormones, metabolites and 
neuropeptides that modulate satiety/hunger degrees and responses. However, other 
factors also contribute to this K1 value. Whether or not food is ingested or searched for 
depends not only on energy state and the intrinsic quality of the food but also the 
animal’s past associations with that food. During testing or memory recall when energy 
stores are depleted, the sensory stimulus (conditioned odorant) acts to revive the memory 
in hungry flies leading to retrieval of the stored memory in our assay. A major goal in 
neurobiology is to decipher how the brain evaluates multiple signals to make a decision, 
and to correlate the resulting behavioral output with specific neural circuits. The 
appetitive olfactory assay allows us an opportunity to investigate the integration of 
memory circuits with those that control internal state, those signals that modulate 
satiety/hunger levels. 
 
I.I. Signals for satiety and hunger-drive. 
  Feeding is a fundamental activity of all animals. Although the precise nature of 
feeding, such as foraging strategy, food preference, meal size and frequency can vary 
greatly across phyla, the basic goal to grow, survive and reproduce remains the very 
same. Work from several labs have implicated a variety of neuropeptides, bioamines and 
hormones that play role in fly feeding behavior such as Drosophila neuropeptide-F (Wu 
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et al., 2003; Wu et al., 2005), hugin (Melcher and Pankratz, 2005) octopamine 
(Schwaerzel et al., 2003; Schroll et al., 2006) and juvenile hormone binding protein 
(Meunier et al., 2007). This introduction will focus on dNPF and its mammalian homolog 
NPY.  
 
dNPF circuitry 
 Hunger is the motivation that is required to display appetitive memory. 
Mammalian Neuropeptide Y (NPY) has pleiotropic effects and has been implicated in 
feeding behavior, cardiovascular regulation, anxiety, affective disorders, hippocampal 
neuron excitability and memory retention (Thiele et al., 2004; Heilig, 2004; Redrobe et 
al., 2002). A role for NPY-related peptides in food-seeking behavior has been heavily 
studied in mammals and is clearly conserved in C. elegans and Drosophila (Suo et al., 
2006; Wu et al., 2003). NPY is a 36 amino acid peptide and is believed to be the most 
abundant small peptide in the mammalian brain. NPY has other mammalian homologs - 
Pancreatic Polypeptide (PP) and peptide YY (PYY). However, PP and PYY act mostly in 
the periphery, where they regulate pancreatic or gastrointestinal function (Hazelwood, 
1993). Invertebrate NPY homologs are called Neuropeptide F (NPF) because they have a 
–RFamide C-terminus instead of the –RYamide in vertebrates. The Drosophila genome 
contains two genes encoding NPF peptides. CG10342 encodes dNPF, a 36 amino acid 
peptide found in midgut endocrine cells and the central nervous system (CNS) of larvae 
and adults. CG13968 encodes a peptide precursor that is processed into four shorter (6-11 
amino acid) peptides that are designated as short NPF (sNPF). 
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NPY, PP and PYY signal through a family of structurally related G-protein 
coupled receptors known as Y-receptors (Lin et al., 2004; Redrobe et al., 1999). The 
mammalian receptors can be subdivided into five sub-types, Y1, Y2, Y4, Y5 and Y6. The 
Y1 and Y2 receptors are coupled to intracellular Ca2+ increase whereas the other Y 
receptors inhibit adenylyl cyclase. Drosophila have at least two NPF receptors. CG1147 
(npfr1) encodes a receptor that can be activated in vitro by sNPF and dNPF (Wu et al., 
2003; Reale et al., 2004) whereas CG7395 encodes a receptor that is preferentially 
activated by sNPF (Mertens et al., 2002). dNPF binding to NPFR1 has been reported to 
inhibit forskolin-stimulated AC activity in cell culture (Garczynski et al., 2002) and both 
dNPF and sNPF can stimulate NPFR1 coupling to G-protein-coupled inwardly rectifying 
potassium channels in Xenopus oocytes (Reale et al., 2004). It is plausible that NPFR1 
exhibits agonist-specific coupling but this has not been convincingly demonstrated. 
sNPFR is most similar to Y2 receptors and has also been reported to couple to Ca2+ influx 
in cell culture (Mertens et al., 2002). 
The large number of mammalian Y receptors has made it difficult to establish the 
contribution of the individual receptors to a particular physiological process, although 
studies analyzing NPY and Y receptor overexpressing rats and overexpressing and 
knock-out mice have started to make inroads (Mertens et al., 2002). Nevertheless, 
analyses to date have primarily addressed the role of NPY and Y-receptors in appetite 
and obesity and only a few studies have addressed a role for NPY in learning and 
memory despite strong NPY immunoreactivity and Y2-receptor expression in the 
hippocampus (Kaga et al., 2001; Redrobe et al., 1999).  Y2 has been localized to 
presynaptic terminals of mossy fibers and Schaffer colatterals in areas CA3 and CA1 
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respectively (Redrobe et al., 1999) and NPY can inhibit glutamate release from these 
synapses through Y2 receptor activation (Nadler et al., 2007). In behavioral studies, NPY 
injection into the rat rostral hippocampus enhanced memory retention in both a passive 
and active avoidance task whereas injection into the caudal hippocampus and amygdala 
impaired retention (Flood et al., 1989). Furthermore, injection of anti-NPY antibody 
impaired memory retention suggesting a possible physiological role for NPY. Beyond 
these injection experiments, Y2-receptor knock-out mice were described to exhibit 
normal acquisition in the water maze but to be defective in the probe trial and to have 
reduced memory retention in an object recognition task (Redrobe et al., 2004). However, 
given the reported anxiolytic activity of NPY, these behavioral defects may result from 
confounding anxiety effects, eg. in the water maze probe test, the mice may be more 
anxious when they realize the platform is not there and they cannot escape. They may 
therefore switch to a new escape-strategy.  Clearly a more detailed investigation of NPY 
and Y receptors in memory is required.  
Both dNPF, sNPF and NPFR1 have been reported to regulate feeding behavior in 
flies (Wu et al., 2003; Lee et al., 2004) but a functional role for sNPFR awaits 
description. Just as in mammals NPF activity fluctuates according to satiety state (Shen 
and Cai, 2001). Elegant studies in Drosophila have shown that genetic enhancement of 
dNPF and sNPF signaling promotes feeding in Drosophila larvae whereas reducing NPF 
activity inhibits feeding (Wu et al., 2003; Lee et al., 2004). Most impressively, npfr1 
overexpression in satiated larvae motivates them to eat noxious food (that is tainted with 
the bitter compound quinine) that only very hungry larvae usually consume (Wu et al., 
2005). Therefore NPFR1 clearly regulates the motivation to feed and it is plausible that 
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dNPF release represents the food deprived state in the adult brain therby modulating food 
seeking circuitry. However, no studies manipulating this pathway have been reported in 
adults, which are selective, intermittent feeders as opposed to the continuous eating 
behavior displayed by developing larvae. 
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Figure I-1. Machines used for olfactory associative conditioning. (A). Sliding 
countercurrent assay (QHB) used to train flies to associate a specific odorant with electric 
shock punishment. Flies are trained in tubes 2 and 3 where they receive one of two odors 
with or without shock. They are then tested in tubes 4 and 5 where they receive one of the 
two odors alone without shock. In between each session of flies running into the 
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numbered tubes lured by light attraction, flies are knocked down into the sliding start 
tube. (B). T-maze assay used to train flies to associate a specific odorant with electric 
shock punishment. Flies are trained in the top tube where they receive one odor at a time 
with or without electric shock. They are then knocked into a sliding elevator and 
transferred to a binary choice point where they are tested receiving both odors 
simultaneously. (C). Sliding countercurrent assay used to train flies to associate a specific 
odorant with 1 M sucrose reward. Training and testing just like in (A). (D). T-maze assay 
used to train flies to associate a specific odorant with sucrose reinforcement. Training and 
testing just like in (C). 
50 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure I-2. Training protocols used for olfactory associative conditioning. (A). 
Aversive olfactory memory paradigm pairing Odor A with a series of 12 electric shocks 
51 
for two minutes, followed by 30 seconds of fresh air and Odor B without shock for two 
minutes. (B). Appetitive olfactory memory paradigm where Odor A is given for two 
minutes, followed by 30 seconds of fresh air and Odor B with an ethologically relevant 
sucrose reward for two minutes. 
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Figure I-3. Drosophila brain and the olfactory pathway. Odor information (seen in 
magenta) is carried from the third antennal segments and maxillary palps via olfactory 
receptor neurons to the antennal lobes (red), where they are sorted according to their 
chemospecificities into discrete glomeruli. This information is carried via projection 
neurons to the higher order brain structures like the mushroom bodies (green) by way of 
the antennal cerebral tract. Also pictured in this cartoon are the subesophageal ganglion 
(yellow), the central complex (orange) and optic lobes (blue). 
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Figure I-4. A role for the cAMP cascade in mediating learning and memory in 
Drosophila. This cartoons highlights a single Kenyon cell of the mushroom body. 
Olfactory information is conveyed via projection neurons that synapse in the MB calyx 
(not shown), while unconditioned stimulus input is believed to be relayed to the MB by 
dopaminergic (DA) and octopaminergic (OA) modulatory neurons. The dorsal paired 
medial neurons (not shown) that express the amnesiac-encoded neuropeptides provide 
input to the MB neurons for olfactory memory stabilization and consolidation. In the 
moel depicted, the AMN, DA and OA inputs activate the adenylyl cyclase (AC) product 
of the rutabaga (rut) gene via G protein-coupled receptors. The product of the NF1 gene, 
neurofibromin, is thought to be involved in the activation/maintenance of AC activity. 
The activation of AC produces elevations in the concentration of intracellular cAMP. The 
dunce (dnc)-encoded phosphodiesterase degrades cAMP. Cyclic AMP activates the the 
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protein kinase A (PKA) tetramer by causing the release of the inhibitory PKA-regulatory 
(PKA-R1) subunits from the catalytic subunits encoded by the DCO gene. The activation 
of PKA leads to either the phosphorylation (P) of a variety of substrates for the 
establishment of short-term memory or the phosphorylation of CREB (dCreb) for the 
establishment of long-term memory. 
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Figure I-5. Three-dimensional models of the mushroom bodies. The panels illustrate 
the major mushroom body lobe subdivisions rendered in three dimensions using Amira 
software. The calyx houses the Kenyon cell dendrites, and the penduncle consists of the 
axonal bundle. The axons then bifurcate and can be subdivided into the vertical α and α′ 
lobes and the medial β, β′ and γ lobes. 
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Figure I-6. Three-dimensional models of the dorsal paired medial neurons. The 
dorsal paired medial neurons (silver), two large bilaterally symmetrical neurons, send 
dense projections to and ramify throughout all lobes of the mushroom body (orange). 
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60 
Chapter II: Drosophila dorsal paired medial neurons provide a general mechanism 
for memory consolidation. 
 
II.A. Introduction 
 It is widely believed that memory is encoded as changes in synaptic efficacy 
between neurons in a network. This concept of synaptic plasticity predicts that it will be 
possible to localize memory to discrete synapses in neural networks in the brain. The 
relatively small brains of insects are well suited to this endeavor, and genetic 
manipulation in the fruit fly Drosophila has greatly aided neural circuit mapping of odor 
memory.  
 Memories are formed, stabilized in a time-dependent manner, and stored in neural 
networks. In Drosophila, retrieval of punitive and rewarded odor memories depends on 
output from mushroom body (MB) neurons (Dubnau et al., 2001; McGuire et al., 2001; 
Schwaerzel et al., 2002; Schwaerzel et al., 2003; Davis, 2005) consistent with the idea 
that both types of memory are represented there. Dorsal Paired Medial (DPM) neurons 
innervate the mushroom bodies, and DPM neuron output is required for the stability of 
punished odor memory (Waddell et al., 2000; Keene et al., 2004). Here we show that 
stable reward-odor memory is also DPM neuron dependent. DPM neuron expression of 
amnesiac (amn) in amn mutant flies restores wild-type memory. In addition, disrupting 
DPM neurotransmission between training and testing abolishes reward-odor memory, just 
as it does with punished memory (Keene et al., 2004). We further examined DPM-MB 
connectivity by overexpressing a DScam variant that reduces DPM neuron projections to 
the MB α, β, and γ lobes. DPM neurons that primarily project to MB α′ and β′ lobes are 
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capable of stabilizing punitive- and reward-odor memory, implying that both forms of 
memory have similar circuit requirements. Therefore, our results suggest that the fly 
employs the local DPM-MB circuit to stabilize punitive- and reward-odor memories and 
that stable aspects of both forms of memory may reside in mushroom body α′ and β′ lobe 
neurons. 
Flies can be taught to associate an odor conditioned stimulus (CS) with either a 
punitive electric shock (Dudai et al., 1976; Tully and Quinn, 1985) or a gustatory-sugar 
reward (Schwaerzel et al., 2003; Tempel et al., 1983) unconditioned stimulus (US). 
Strikingly, learning and memory with these opposing unconditioned stimuli requires 
differential transmitter involvement: sugar-rewarded odor memory is dependent on intact 
octopamine signaling while shock-punished (aversive) odor memory is dependent on 
dopamine signaling (Schwaerzel et al., 2003). However, despite the differential 
requirement for these monoamine transmitters, blocking mushroom body output during 
retrieval impairs both aversive and rewarded odor memories (Dubnau et al., 2001; 
McGuire et al., 2001; Schwaerzel et al., 2003) implying that these memories rely on 
overlapping brain regions. We therefore tested whether the DPM neural circuitry was 
involved in the stability of sucrose-reinforced odor memory. 
It has been previously demonstrated that amnesiac is required for middle-term 
memory, yet dispensable for learning. This phenotype can be rescued by selectively 
expressing amn cDNA in DPM neurons in an amnesiac mutant background. In addition, 
blocking dynamin-dependent transmitter release from DPM neurons abolishes memory 
suggesting that functionality of these neurons is critical for memory (Waddell et al., 
2000). The AMN peptide shares sequence similarity with the mammalian neuropeptide 
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PACAP (Feany and Quinn, 1995). In the murine brain, PACAP has a clear role in 
modulating plasticity (Matsuyama et al., 2003) and this has led to the idea that AMN 
release from DPM neurons acts to modulate the cAMP cascade in the mushroom bodies 
(Waddell and Quinn, 2001b). 
 A key aspect in the search for the mechanisms underlying memory is identifying 
the temporal requirements of transmitter release. It has long been postulated that the 
timing of neural activation may be critical in behavioral plasticity. Hebb proposed a 
model in which neurons that are activated simultaneously undergo modification of output 
either via morphological or metabolic changes (Hebb, 1949), providing a vital foundation 
for models on the mechanism of neural plasticity and the modulation of entire neural 
circuits. Utilizing Drosopohila as a model organism allows one to study the temporal 
basis of memory coding. This can be achieved by using a temperature-sensitive genetic 
technology that allows for the manipulation of transmitter release in a temporally 
regulated manner (Kitamoto, 2001). We have employed these technological advances to 
dissect the temporal requirements for DPM neuron output in sucrose-reinforced olfactory 
memory. 
 The role of specific neural structures in various behaviors can be examined 
through selective expression of temperature sensitive shits1, which was first identified in a 
screen for temperature sensitive paralytic mutants (Grigliatti et al., 1973). shits1 encodes a 
temperature sensitive dynamin-GTPase that, at restrictive temperatures (>29°C) acts 
dominantly to block synaptic vesicle recycling and consequently synaptic release (Koenig 
and Ikeda, 1989). To infer spatial specificity, a transgenic fly was generated with this 
mutated gene under uas-control allowing for manipulation of neural output in specific 
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subsets of neurons. This powerful tool provides several significant advantages to the 
experimenter. As mentioned above, it allows for the precise manipulation of interested 
neurons using the GAL4/uas system (Brand and Perrimon 1993). At the temporal level, it 
acts extremely quickly, blocking neuronal release within minutes of placement at the 
restrictive temperature. In addition, this inducible block can be reversed on a similar time 
scale by returning the flies to the permissive temperature (Kitamoto, 2001). Furthermore, 
the manipulation of neural output occurs acutely in the adult and therefore minimizes the 
possibility of developmental abnormalities. 
 Tissue-specific expression of shits1 has been employed to investigate neural sites 
involved in several behaviors including memory (Dubnau et al., 2001; McGuire et al., 
2001; Schwaerzel et al., 2003; Waddell et al., 2000), courtship (Kitamoto, 2001; 
Stockinger et al., 2005; Villella et al., 2005), decision making (Zhang et al., 2007), sleep 
(Pitman et al., 2006) and attention (van Swinderen and Greenspan, 2003). 
 Memory refers to the processes that are used to acquire, stabilize and later retrieve 
information. There are three major processes involved in memory: acquisition, 
consolidation and retrieval. In order to form new memories, information must be changed 
into a usable form, which occurs through the process known as acquisition, the moment 
when one obtains and encodes new relevant information, for example initially reciting the 
definition of a new vocabulary word. Once information has been successfully encoded, it 
must be stored and strengthened for later use. This process is termed consolidation, the 
period when the memory begins to stabilize and transfer from a labile to a steady state, 
such as the time frame when the new vocabulary word is crystallized into long-standing 
memory through unconscious repetition. Much of this stored memory lies outside of our 
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awareness, except when we actually need to use it during memory recall. The retrieval 
process allows us to bring saved memories into conscious awareness, for instance 
recalling the definition of the new vocabulary word on a school examination. In higher 
organisms such as ourselves, it is widely believed that anatomically distinct regions of the 
brain are responsible for the different processes of memory. Early, crude experiments 
demonstrated that patients with hippocampal lesions completely lost the capability to 
form new memories, while their long-term memories remained intact. This was the first 
direct evidence that separate areas of the brain maintain diverse mechanistic properties. 
Despite these monumental findings, further studies regarding human brain manipulation 
have been few and far between due to the lack of experimental precision and control, not 
to mention the ethical issues involved. 
 Flies, on the other hand, with their genetics and the molecular tools available, 
offer the quintessential model organism to investigate the different temporal requirements 
of neural subsets involved in the different periods of memory. The role of a region of the 
brain or a given set of neurons during acquisition, consolidation and retrieval can be 
tested by selectively blocking neuronal output during training, storage or testing, 
respectively. If the experimenter shuts off transmission during the time of training, when 
the flies receive both the unconditioned and conditioned stimuli simultaneously, they can 
disrupt the period of memory acquisition. Silencing neuronal output during storage, the 
time in which memories are stabilized to a steady state, disrupts memory consolidation. 
Finally, when the researcher blocks synaptic release during testing, when the animals are 
tasked with recalling that stored information, memory retrieval is manipulated. 
 Previous studies have found that mushroom body output is dispensable during the 
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acquisition and consolidation phases, but is essential for memory retrieval (Dubnau et., 
2001; McGuire et al., 2001). [This MB generalization is not entirely accurate as presented 
later on in this thesis]. Earlier work from the lab has elucidated the temporal requirements 
for the DPM neurons in aversive shock memory (Keene et al., 2004). The DPM neurons 
were initially shown to be required for middle-term memory, but dispensable for learning 
(Waddell et al., 2000), indicating that neurotransmission from DPM neurons may be 
required at time points other than memory retrieval. Indeed, it was discovered that DPM 
neuron output is only required during consolidation of 3 hr shock-reinforced memory and 
is not essential during acquisition and retrieval (Keene et al., 2004). Here we show that 
stable sugar-reinforced memory is also DPM dependent. Additionally, we demonstrate 
that DPM neuron expression of amnesiac (amn) in amn mutant flies restores wild-type 
memory. Lastly, we find that DPM neurons primarily projecting to the α′ and β′ lobes of 
the MB are sufficient in the stabilization of both shock- and sugar-reinforced olfactory 
memory, suggesting that both forms of memory have analogous circuit requirements. 
 
II.B. Materials and Methods 
Flies: Fly stocks were raised on standard cornmeal food at 25°C and 40%–50% 
relative humidity. The wild-type Drosophila strain used in this study is Canton-S. The 
amn1 and amnX8 null alleles were described previously (Waddell et al., 2000; Quinn et al., 
1979; DeZazzo et al., 1999). The uas-mCD8::GFP flies are described (Lee and Luo, 
1999). The uas-shits1 flies were those previously described (Kitamoto 2001) and used by 
our lab (Waddell et al., 2000; Keene et al., 2004). We previously described the DPM 
neuron-restricted c316{GAL4} and the uas-amn flies (Waddell et al., 2000). The uas-
66 
amn flies are those previously denoted as “uas-amn#1” (Waddell et al., 2000). uas-
DScam[exon17-2]::GFP flies, here designated as uas-DScam17-2::GFP, and uas-CD2 
flies were described previously (Wang et al., 2004; Dunin-Borkowski and Brown, 1995). 
We generated flies expressing shits1 in DPM neurons by crossing homozygous w,uas-
shits1;uas-shits1 females to homozygous w;c316{GAL4} males. All progeny from this 
cross carry two uas-shits1 transgenes and one c316{GAL4}. Heterozygous w,uas-
shits1;uas-shits1 flies were generated by crossing homozygote females to w males. A 
mixed population of sexes was tested in the olfactory conditioning paradigm. 
For rescue of the amnX8 and amn1 memory defect, we crossed amn1;c316{GAL4} 
females with amnX8;uas-amn males. Male progeny from these crosses are hemizygous for 
amn1 and heterozygous for c316{GAL4} and uas-amn. Female progeny from these 
crosses are transheterozygote amnX8/amn1 and heterozygous for c316{GAL4} and uas-
amn . All flies were trained and tested together and sorted after testing and before 
counting. We generated flies expressing uas-DScam17-2::GFP in DPM neurons by 
crossing homozygous w;c316{GAL4} females with uas-DScam17-2::GFP/CyO males. 
All flies were trained and tested together, and uas-DScam17-2::GFP; c316{GAL4} flies 
were sorted from CyO; c316{GAL4} flies after testing and were counted separately. 
 
Behavioral analysis: The olfactory avoidance paradigm was performed as 
described previously (Keene et al., 2004; Tully and Quinn, 1985). The performance index 
(PI) is calculated as the number of flies avoiding the conditioned odor minus the number 
of flies avoiding the unconditioned odor divided by the total number of flies in the 
experiment. A single PI value is the average score from flies of the identical genotype 
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tested with each odor (3-Octanol or 4-Methylcyclohexanol). 
We adapted a previously described protocol for olfactory conditioning with sugar 
reward (Schwaerzel et al., 2003; Tempel et al., 1983). Flies were starved for 16–20 hr 
before conditioning. A conditioning tube (CS+) was made by spreading saturated sucrose 
(allowed to dry before use) onto a filter paper that covered the entire training tube. 
Another tube representing the CS− was prepared containing a filter paper soaked in water 
(and allowed to dry). Approximately 100 starved flies were loaded into the elevator 
section of a T-maze and trained as follows. Flies were transferred to the CS− tube and 
exposed to an odor for 2 min. After 30 s of clean air stream, they were transferred back 
into the elevator and into the sugar reward (CS+) tube, where they were exposed to 
another odor for 2 min. We tested olfactory memory 3, 60, 180, and 360 min after 
training. Flies were stored in empty food vials between training and testing. The PI is 
calculated as the number of flies running toward the conditioned odor minus the number 
of flies running toward the unconditioned odor divided by the total number of flies in the 
experiment. A single PI value is the average score from flies of the identical genotype 
tested with each odor (3-Octanol or 4-Methylcyclohexanol). 
We previously determined that the amn1, amnX8, c316, uas-amn, uas-shits1, and 
c316; uas-shits1strains tested in this study have normal odor and electric-shock acuity 
(Waddell et al., 2000; Keene et al., 2004). We tested odor acuity of both uas-DScam17-
2::GFP and uas-DScam17-2::GFP; c316 flies and confirmed that their acuity is 
statistically indistinguishable from wild-type flies (p > 0.5 for OCT and p > 0.5 for MCH) 
by using previously reported methods (Keene et al., 2004). We also determined that the 
shock reactivity of uas-DScam17-2::GFP and uas-DScam17-2::GFP; c316 flies was not 
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statistically different to wild-type flies (p = 0.9). 
We used a variant of the taste-preference assay (Marella et al., 2006) to measure 
sugar responsiveness. Flies were starved overnight. Taste preference was assayed on 
quadrant plates, two of each containing 1% agarose plus or minus 100 mM sucrose. 
Approximately 60 flies were placed on the plate and allowed to explore the agarose 
quadrants for 5 min, at which time they were recorded with an iBOT digital camera and 
BTV Pro software. The number of flies on each quadrant was manually counted at the 5 
min time point. A sucrose preference index was calculated as PI = (number flies on 
sucrose quadrants − number flies on agarose)/(total number of flies). ANOVA revealed 
no statistical differences (p > 0.7) between genotypes used in this study (wild-type, 
amnX8, uas-shits1, c316; uas-shits1, Mz717; uas-shits1, uas-DScam17-2::GFP, and uas-
DScam17-2::GFP; c316). Four groups were analyzed per genotype. 
Statistical analyses were performed with KaleidaGraph (Synergy Software). Overall 
analyses of variance (ANOVA) were followed by planned pair-wise comparisons 
between the relevant groups with a Tukey HSD post-hoc test. Unless stated otherwise, all 
experiments are n ≥ 8. 
 
Immunocytochemistry: Adult brains expressing transgenic uas-mCD8::GFP or 
uas-DScam17-2::GFP and uas-CD2 or uas-lacZ were removed from the head capsule, 
fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) (1.86 mM NaH2PO4, 
8.41 mM Na2HPO4, 175 mM NaCl) for 15 min, and rinsed in PBS-T (PBS containing 
0.25% Triton X-100). Brains were incubated with the following antibody concentrations: 
1:4 mAb anti-TRIO (Awasaki et al., 2000), 1:4 mAb 1D4 anti-FASII (Grenningloh et al., 
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1991) (Hybridoma Bank, University of Iowa), 1:3000 Rb anti-FASII (gift from V. 
Budnik), 1:3000 Rb anti-β-galactosidase (Cappell), 1:200 mAb anti-GFP (Invitrogen), 
1:300 Rb anti-GFP(Invitrogen), 1:100 rat mAb anti-HA (Roche), 1:200 mAb anti-Rt CD2 
(Serotec). They were then incubated with the appropriate fluorescent secondary 
antibodies (Jackson Laboratories). Confocal analysis was performed on a Zeiss LSM 5 
Pascal confocal microscope. Confocal stacks were processed with ImageJ (Abramoff et 
al., 2004) and Adobe Photoshop. 
 
II.C. Results 
amn mutants are defective for sucrose-reinforced memory 
amn mutant flies were first confirmed to have a memory defect when conditioned 
with odors and sugar reward. We used a modified protocol of the sucrose-reinforced 
olfactory assay (Schwaerzel et., 2003; Tempel et al., 1983) that more closely resembles 
the odor-shock conditioning protocol and that produces robust memory that lasts for more 
than 6 hr (Fig. II-1A). In brief, approximately 100 starved flies were exposed to an odor 
for 2 minutes in the absence of sugar, followed by a clean air stream for 30 seconds and a 
second odor with sugar reward for 2 minutes. Olfactory memory was tested at 3, 60, 180, 
and 360 min after training. Flies homozygous for the strong amn alleles—amn1 or 
amnX8—learn to associate the appropriate odor with sugar reward, but they forget this 
association within 60 min of training (Fig. II-1A). amn1 or amnX8 mutants have small, but 
significant learning defects compared to wild-type flies (p<0.05) and memory is 
abolished at later time-points. These data are consistent with the earlier report that amn1 
flies have defective reward-odor memory (Tempel et al., 1983). 
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Selective expression of amn in DPM neurons rescues the memory defect of amn 
mutant flies 
 Since amn mutant flies forget quickly when trained with either a punitive or a 
rewarding US, we wondered if similar neural circuitry was involved in both types of 
memory. Although the amn gene is expressed throughout the brain, expressing the amn 
gene in DPM neurons restores punitive odor memory performance to amn mutant flies 
(Waddell et al., 2000; Tamura et al., 2003). We therefore tested whether restoring amn 
expression in DPM neurons of amn mutant flies would rescue the reward-odor memory 
defect. The c316 {GAL4} line (Waddell et al., 2000) was used to transgenically express 
the amn gene in DPM neurons of amn mutant flies. Three hour memory of 
amnX8/amn1;c316/uas-amn and amn1;c316/uas-amn flies was similar to wild-type flies 
(p>0.99, P=1) and was statistically different from the memory of amnX8 (p<0.05, p<0.05) 
and amn1; uas-amn mutant flies (p<0.05, p<0.05) (Fig. II-1B). These data demonstrate 
that amn expression in DPM neurons is sufficient to restore reward-odor memory to amn 
mutant flies and suggest that DPM neurons are generally critical for olfactory memories. 
 
DPM output is required for stability of sucrose-reinforced olfactory memory 
We next directly tested for an acute role of DPM neurons in reward-odor memory 
by temporally blocking their output during the course of the experiment (Fig. II-2). The 
dominant temperature-sensitive shibirets1 transgene (Kitamoto, 2001) was expressed in 
DPM neurons by using the c316{GAL4} and Mz717{GAL4} drivers (Ito et al., 1998) 
and flies were tested in the sugar reward conditioning paradigm at either the permissive 
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(25°C) or the restrictive (31°C) temperature. At the restrictive temperature, shibirets1 
blocks vesicle recycling and thereby blocks synaptic vesicle release (Kitamoto, 2001). It 
is presumed that shibirets1 either shuts down release of an essential AMN cotransmitter, 
like acetylcholine (Keene et al., 2004), or that it directly or indirectly compromises AMN 
peptide release. At 25°C, reward-odor memory of c316; uas-shits1 and Mz717; uas-shits1 
flies was comparable to memory of wild-type and uas-shits1 flies (p>0.2) (Fig. II-2A). 
However, at 31°C, memory of c316; uas-shits1 and Mz717; uas-shits1 flies was statistically 
different from wild-type and uas-shits1 flies (p<0.001) (Fig. II-2B). Therefore, DPM 
synaptic release is necessary for stable reward-odor memory as it is with shock-
reinforced, aversive-odor memory (Waddell et al., 2000; Keene et al., 2004). 
 Stable punitive-odor memory requires prolonged DPM output between acquisition 
and retrieval, and DPM output is dispensable during training and testing (Keene et al., 
2004). We therefore tested if transmitter release from DPM neurons was similarly 
required for sucrose-reinforced olfactory memory. We again blocked DPM output by 
expressing uas-shits1 with c316{GAL4}, but this time we restricted the inactivation to 
either the training, testing, or storage period. Blocking DPM neurons during acquisition 
did not produce memory loss (Fig. II-3A). Memory of c316; uas-shits1 flies was 
comparable to wild-type (p>0.1) and uas-shits1 flies (p>0.9). Similarly, DPM neuron 
output was not required during memory retrieval (Fig. II-3B). Memory of c316; uas-shits1 
flies was comparable to wild-type (p>0.2) and uas-shits1 flies (p>0.2). However, blocking 
DPM output for 30 min after training significantly reduced reward-odor memory (Fig. II-
3C). Memory of c316; uas-shits1 flies was severely reduced and is statistically different 
from wild-type (p<0.01) and uas-shits1 flies (p<0.01). These data parallel previous results 
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with punitive-odor memory (Keene et al., 2004; Yu et al., 2005) and suggest that there is 
a similar requirement for DPM neuron output to stabilize both aversive and appetitive 
olfactory memory. It was previously reported that blocking DPM neurons from 30 to 60 
min after training decreased punitive-odor memory (Yu et al.,2005) similar to a 0–30 min 
block. Here, we found that disrupting DPM neuron output from 30-60 minutes appeared 
to compromise sucrose-reinforced odor memory, although the effect did not reach 
statistical significance (p>0.05) (Fig. II-3D). These data imply that while the role of DPM 
neuronal output is persistently required for appetitive olfactory memory, this necessity is 
diminished at the 30–60 minute storage window for reward-odor memory, perhaps due to 
the fast consolidation rate of this particular type of memory (more on this topic in 
Chapter IV).  
To confirm that the phenotype observed by blocking output with c316{GAL4} is 
due to expression in DPM neurons, we expressed shits1 under control of Mz717{GAL4}. 
The Mz717{GAL4} drives expression in DPM neurons, and a small number of Kenyon 
cells (Ito et al., 1998). Employing this driver and finding similar results as those seen 
with c316{GAL4} would increase the confidence that the temporal uas-shits1 disruptive 
effect can be ascribed to blocking DPM neurons. At 25°C, Mz717{GAL4}; uas-shits1 
flies displayed memory indistinguishable from wild-type flies or those harboring the uas-
shits1 transgene (data not shown). As previously observed with the c316{GAL4} driver, 
blocking DPM output during the consolidation window causes middle-term appetitive 
memory to be attenuated. Placing flies at 31°C for 60 minutes after training also impaired 
memory in Mz717{GAL4}; uas-shits1 flies when compared to wild-type (p<0.02) and 
uas-shits1 controls (p<0.001) (Fig. II-3E). Attaining the same results with a second GAL4 
73 
enhancer trap line that also expresses almost exclusively in the DPM neurons provides 
further evidence that it is indeed the manipulation of DPM neuronal transmission that is 
required for multiple forms of olfactory memory. Taken together these results indicate 
that the temporal requirements for DPM neuronal synaptic activity are essential for both 
sucrose- and shock-reinforced odor memory. 
 
DPM projections to the MB α′ and β′ lobes are sufficient for memory 
 DPM neurons innervate all the lobes of the MBs (Waddell et al., 2000) (Fig. II-
4A-4C), and previous imaging studies suggest that the DPM projections there may be 
both transmissive and receptive (Yu et al., 2005). The expression of n-syb::GFP in DPM 
neurons has been reported to label DPM projections to the MB lobes (Tamura et al., 
2003; Ito et al., 1998). In an attempt to gain further insight into DPM neuron 
organization, we have overexpressed a collection of pre- and postsynaptic compartment 
markers in DPM neurons. For example, we found that expressing an HA-synaptotagmin 
presynaptic compartment marker in DPM neurons labels some DPM projections in the 
MB lobes (Fig. II-7). However, we see no clear evidence for asymmetry within DPM 
neurons or between projections to individual MB lobes. Therefore, understanding DPM 
polarity and organization will require further work. 
During this analysis, we found that expression of the DScam17-2::GFP fusion 
protein, which has been described to label the presynaptic compartment when 
overexpressed in certain neurons (Wang et al., 2004), in DPM neurons using the 
c316{GAL4} enhancer trap line, affected DPM neuron development and resulted in 
DPM neurons that predominantly project to the MB α′ and β′ lobe subsets (Fig. II-4D and 
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4E, Fig. II-5D-G and Fig. II-6E-H compared with wild-type DPM neurons shown in Fig. 
II-4A-4C, Fig. II-5A-C and Fig. II-6A-D).  Coexpressing uas-DScam17-2::GFP and uas-
CD2 (Dunin-Borkowski et al., 1995) or uas-lacZ in DPM neurons reveals that DScam17-
2::GFP labels the remaining projections rather than a subset of existing projections (Fig. 
4D and 4E, Fig. II-5D-G and Fig. II-6E-H). To identify projections to MB α/β neurons 
versus α′/β′ neurons, we costained brains with anti-FASII, which labels α/β and γ neurons 
(Skoulakis and Davis, 1996), and anti-TRIO, which labels α′/β′ and γ neurons (Awasaki 
et al., 2000).  
A functional role for the MB α′ and β′ lobes in memory has not been reported. 
Therefore, we used the uas-DScam17-2::GFP; c316 flies to assess the role of DPM 
neuron projections to the MB α′ and β′ lobe subset in shock- and sucrose-reinforced odor 
memory (Fig. II-4G and 4H). We included heterozygous uas-DScam17-2::GFP flies as a 
control as well as wild-type and amnX8 flies for comparison. The presence of the uas-
DScam17-2::GFP transgene did not significantly affect aversive olfactory memory. 
Remarkably, DPM neurons that primarily project to the α′ and β′ lobe subsets retain 
punitive-memory function (Fig. II-4G and 4H). Memory of uas-DScam17-2::GFP; c316 
flies was similar to memory of uas-DScam17-2::GFP flies (p>0.70) and wild-type 
controls (p>0.50) and was significantly greater than that of amnX8 flies (p<0.0001) (Fig. 
II-4H). Therefore, DPM neuron projections to the α′ and β′ lobes of the MB are 
apparently sufficient for punitive-odor memory. We next tested the function of uas-
DScam17-2::GFP; c316 flies in reward-odor memory. Again, memory of uas-DScam17-
2::GFP; c316 flies was similar to memory of uas-DScam17-2::GFP flies (p>0.95) and 
wild-type controls (p>0.27) and was significantly higher than that of amnX8 flies 
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(p<0.003) (Fig. II-4G). These data indicate that the DPM neuron projections to the α′ and 
β′ MB lobe subsets are also apparently sufficient for reward-odor memory and imply that 
the circuit requirements for the stability of rewarded and punished odor memory are very 
similar. Although we cannot currently rule out redundancy of DPM projections or 
retention of a few critical projections to the α, β, and γ lobes, these data are consistent 
with the notion that DPM projections to the α′ and β′ MB lobes are sufficient for 
stabilizing memory. Our data also suggest that DScam may play a role in wiring the 
DPM-MB circuit. 
 
II. D. Discussion 
 In Drosophila, there is a striking dissociation of monoamine transmitters for 
reward and punishment. Dopamine is required for aversive-odor memory formation, 
whereas octopamine is necessary for appetitive-odor memory (Schwaerzel et al., 2003). 
Octopaminergic and dopaminergic neurons project throughout the brain including to the 
MBs (Schwaerzel et al., 2004; Riemensperger et al., 2005; Sinakevitch and Strausfeld, 
2006). Although it is not known whether the MB arborization of these monoaminergic 
neurons is required for odor memories, blocking MB output is required to retrieve both 
aversive- and appetitive-odor memory (Dubnau et al., 2001; McGuire et al., 2001; 
Schwaerzel et al., 2002; Schwaerzel et al., 2003; Davis, 2005). 
 There is no obvious connection between the mushroom bodies and other 
particular neuropil of the fly brain, such as premotor areas. Alternatively, they send 
information to many of the surrounding, poorly defined regions of the brain. DPM 
neurons project exclusively to the MB lobes and the base of the peduncle (Waddell et al., 
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2000). DPM neurons were identified as a site of expression of the putative neuropeptide 
encoded by the amnesiac gene (Waddell et al., 2000; Quinn et al., 1979; Feany and 
Quinn, 1995; Moore et al., 1998). Specifically expressing amn in DPM neurons in an 
amn mutant background fully rescues both aversive and appetitive olfactory memory 
(Waddell et al., 2000; Keene et al., 2004), indicating that these neurons are a critical site 
of amn action in the brain to stabilize both forms of odor memory.  
Furthermore, temporally blocking synaptic transmission from DPM neurons using 
uas-shits1 produces an amn-like phenotype, where manipulated flies display attenuated 
middle-term memory performance scores in both shock- and sugar-reinforced olfactory 
assays. Remarkably, neurotransmission from the DPM neurons is dispensable during 
training (memory acquisition) and testing (memory retrieval), but blocking output for 30 
minutes during storage (memory consolidation) impairs aversive (Keene et al., 2004; Yu 
et al., 2005) and appetitive odor memory. Thus, DPM neurons possess a prolonged, yet 
transient, role in olfactory memory stability. An early supposition hypothesizes that DPM 
neurons are receptive and transmissive to the MBs, and serve as recurrent feedback 
neurons. However, in order for this theory to make sense, neuronal output from the MBs 
should be required during the memory consolidation when DPM synaptic transmission is 
necessary (see Chapter III). Further evidence of this model is supported by functional 
imaging experiments. 
Imaging DPM neural activity and synaptic transmission with G-CaMP (Nakai et 
al., 2001) and synapto-pHluorin (Miesenbock et al., 1998) reporters in a tethered fly 
preparation revealed that odors and shock evoke responses in DPM neurons (Yu et al., 
2005). The odor-evoked response seen in DPM neurons is elevated 30 minutes after the 
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pairing of odor and shock, paralleling the temporal requirement for DPM neurons in 
memory stability. Therefore, DPM neurons report a memory trace that is specific to the 
previously shock-paired odor and is only evident in DPM neuron projections to the 
vertical mushroom body α-lobes and α′-lobes. In addition, the memory trace does not 
form in amn mutants, and can be restored by selectively expressing the amn transgene 
exclusively in DPM neurons (Yu et al., 2005). This suggests that AMN function 
specifically in the DPM neurons is required for the development of the memory trace. To 
this date, no imaging studies have been done where the electric shock is replaced with 
sucrose reinforcement as the unconditioned stimulus, however a similar memory trace 
would be fully expected based on the behavior data presented in this chapter. Since the 
requirement for DPM neurons seems to be recruited more rapidly for appetitive memory, 
it is possible that the odor-evoked response seen in these neurons may be elevated 
immediately after to 30 minutes after the pairing of odor and sucrose. 
Unfortunately, our understanding how memory is stabilized at the molecular level 
and the processes involved is limited. DPM neurons co-express amn and a cholinergic 
neuron-specific marker, suggesting that the DPM neurons might use AMN peptides and 
acetylcholine as co-transmitters (Keene et al., 2004). The subcellular localization of 
acetylcholine receptors in the mushroom bodies has not been reported, but acetylcholine 
can elicit responses in Kenyon cells (Gu and O’Dowd, 2006) and may be released onto 
the MB lobes by DPM neurons and onto the MB dendritic calyx by projection neurons. 
Therefore, nicotinic and muscarinic-type acetylcholine receptors (Perry et al., 2007; 
Fayyazuddin et al., 2006; Millar et al., 1995; Cordova et al., 2003), as well as receptors 
for the putative AMN peptides, may contribute to DPM-dependent plasticity. Due to the 
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apparent homology of AMN to mammalian pituitary adenylate cyclase-activating peptide 
(PACAP), it is assumed that AMN peptides stimulate the cAMP cascade in a persistent 
manner (Feany and Quinn, 1995). However, deciphering the role of amn in memory 
needs further work, and the function and localization of AMN and acetylcholine 
receptors may lead to some vital answers. 
In conclusion, DPM neurons ramify throughout the MB lobes and provide a 
general stabilizing mechanism for both aversive (Waddell et al., 2000; Keene et al., 2004) 
and appetitive olfactory memory. Our DPM neuron analyses enhances our resolution of 
memory processing and provides further weight to the idea that components of both 
punitive- and reward-odor memory reside at synapses within MB neurons (Schwaerzel et 
al., 2003). Imaging studies suggest that DPM neurons are both receptive and transmissive 
to MB neurons, and we favor a model where DPM neurons represent recurrent feedback 
neurons that consolidate conditioned changes in synaptic weight in MB neurons (Yu et 
al., 2005). However, if MB neurons provide drive to DPM neurons, one would expect 
MB neuron output and DPM neuron output to have similar temporal requirements. 
Current published data conclude that MB neuron output is not required during memory 
storage when DPM neuron output is required (Keene et al., 2004), but is exclusively 
required for retrieval (Dubnau et al., 2001; McGuire et al., 2001; Davis, 2005). However, 
our work here suggests a role for MB α′ and β′ lobe neurons in memory stability, and it is 
noteworthy that neither MB study (Dubnau et al., 2001; McGuire et al., 2001; Schwaerzel 
et al., 2003; Davis, 2005) employed GAL4 drivers with extensive expression in MB α′/β′ 
neurons. Further detailed analysis of the role of MB α′/β′ neurons in memory should 
resolve this conundrum. 
79 
 
 
Figure II-1. Rewarded odor memory decays quickly in amnesiac mutant flies, and 
expression of an amn transgene in DPM neurons restores wild-type levels of 
memory. 
(A) Wild-type, amn1, and amnX8 mutant flies were conditioned with odor and sugar 
reward, and different populations were tested once for odor memory 3, 60, 180, and 360 
min after training. amn mutant flies have a small but significant initial performance 
defect (p < 0.05). 
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(B) Wild-type, amn mutant, and amn mutant flies expressing amn in DPM neurons were 
trained with odor and sugar reward and tested for memory 3 hr after conditioning. 
Performance of amn1; c316/uas-amn and amn1/amnX8; c316/uas-amn flies was 
statistically indistinguishable from wild-type flies (p = 1 and p = 0.99, respectively) and 
was statistically different from amnX8, amn1; uas-amn, and amn1/amnX8; uas-amn flies (all 
p < 0.05). Error bars are SEM. The asterisks mark groups with statistically different 
performance from the unmarked groups. 
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Figure II-2. DPM neuron output is required for 3 hr rewarded odor memory. 
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Temperature shift protocols are shown pictographically above each graph. 
(A) The permissive temperature of 25°C does not affect 3 hr reward-odor memory. 
Performance of c316; uas-shits1 flies (p > 0.2) or Mz717; uas-shits1 flies (p > 0.5) was 
indistinguishable from uas-shits1 flies. All genotypes were trained and tested for 3 hr 
memory at 25°C. 
(B) Disrupting DPM output at the restrictive temperature of 31°C abolishes memory. 
Performances of c316; uas-shits1 flies (p < 0.0005) and Mz717; uas-shits1 flies (p < 0.005) 
were statistically different from uas-shits1 flies. All genotypes were trained and tested for 
3 hr rewarded odor memory at 31°C. Error bars are SEM. The statistically different 
groups are marked with an asterisk. 
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Figure II-3. DPM neuron output between training and testing is required for 3 hr 
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rewarded odor memory. 
The temperature shift protocols are shown pictographically above each graph. 
(A) Blocking DPM output during training does not affect 3 hr reward-odor memory. 
Performance of c316; uas-shits1 flies was indistinguishable from uas-shits1 (p > 0.9) and 
wild-type (p > 0.1) flies. Flies were incubated at 31°C for 15 min prior to and during 
training. Immediately after training, they were returned to 25°C and tested for 3 hr 
memory. 
(B) Blocking DPM output during testing does not affect 3 hr reward-odor memory. 
Performance of c316; uas-shits1 flies was indistinguishable from uas-shits1 (p = 0.2) and 
wild-type (p = 0.2) flies. Flies were trained at 25°C, and 165 min later they were shifted 
to 31°C. 15 min later, 3 hr memory was tested at 31°C. 
(C) Blocking DPM output immediately after training severely impairs 3 hr reward-odor 
memory. Performance of c316; uas-shits1 flies was statistically different from uas-shits1 (p 
< 0.01) and wild-type (p < 0.01) flies. Flies were trained at 25°C, and immediately after 
training they were shifted to 31°C for 30 min. Flies were then returned to 25°C and tested 
for 3 hr odor memory at 25°C. 
(D) Blocking DPM output from 30 to 60 min does not significantly disrupt reward-odor 
memory. Performance of c316; uas-shits1 flies was statistically indistinguishable from 
uas-shits1 (p > 0.05) and wild-type (p = 0.1) flies. Flies were trained at 25°C, and 30 min 
after training they were shifted to 31°C for 30 min. Flies were then returned to 25°C and 
tested for 3 hr odor memory at 25°C. 
(E) Blocking DPM output immediately after training with the Mz717{GAL4} driver and 
uas-shits1 severely impairs 3 hr rewarded odor memory. Performance of Mz717; uas-shits1 
flies was statistically different from uas-shits1 (p = 0.02) and wild-type (p < 0.0005) flies. 
Error bars are SEM. The statistically different groups are marked with an asterisk. 
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Figure II-4. DPM neurons that primarily project to the α′ and β′ MB lobes are 
functional for rewarded and punished odor memory. 
(A–E) Projection views of DPM neuron ramification throughout all the MB lobes. The 
optical sections with the DPM cell body have been removed to improve visibility of the 
MB lobe innervation. Single-focal-plane views of the wild-type and DScam17-2::GFP-
generated aberrant projections are shown in Figures II-5 and II-6. 
(A) Wild-type DPM neuron projections to all the MB lobes visualized by expressing uas-
CD8::GFP with c316{GAL4}. 
(B) The same wild-type DPM neurons shown in (A) but with the MB α and β lobes (red) 
counterstained with FASII antibody. 
(C) The same wild-type DPM neurons shown in (A) and (B) but with MB α and β lobes 
(red) counterstained with FASII antibody and α′ and β′ lobes (blue) stained with TRIO 
antibody. 
(D) Expressing a uas-DScam17-2::GFP transgene in DPM neurons with c316{GAL4} 
results in DPM neurons that predominantly project to the MB α′ and β′ lobes. DPM 
projections are visualized (green) by coexpressing uas-DScam17-2::GFP and uas-CD2 
and immunostaining with a CD2 antibody. 
(E) The same anti-CD2 labeled uas-DScam17-2::GFP-expressing DPM neurons shown 
in (D) but with the MB α and β lobes (red) counterstained with FASII antibody. Areas 
where DPM projections to the MB lobes are greatly reduced or absent are marked with 
arrowheads for comparison with wild-type DPM neurons shown in (B). 
(F) Gross anatomy of the MB lobes revealed by FASII (red) and TRIO (blue) 
immunostaining. In these branched lobes, FASII and TRIO are mutually exclusive. The γ 
lobe neurons lie along the front of the horizontally projecting lobe subdivision and are 
labeled by both anti-FASII and anti-TRIO. The MB lobes are symmetrical. Scale bar 
represents 20 µm. 
(G and H) Prime lobe-projecting DPM neurons retain function. Wild-type, amnX8, uas-
DScam17-2::GFP, and uas-DScam17-2::GFP; c316 flies were conditioned in either the 
rewarded (G) or the punished (H) paradigm and were tested for 1 hr memory. 
Performance of uas-DScam17-2::GFP and uas-DScam17-2::GFP; c316 flies was 
statistically indistinguishable from wild-type flies ([G], rewarded memory, uas-
DScam17-2::GFP p > 0.95, uas-DScam17-2::GFP; c316 p > 0.27; [H], punished 
memory, uas-DScam17-2::GFP p > 0.7, uas-DScam17-2::GFP; c316 p = 0.5) and was 
statistically different from amnX8 flies ([G], rewarded memory, uas-DScam17-2::GFP p 
< 0.0001, uas-DScam17-2::GFP; c316 p < 0.0001; [H], punished memory, uas-
DScam17-2::GFP p < 0.05, uas-DScam17-2::GFP; c316 p < 0.003). Error bars are SEM. 
The statistically different groups are marked with an asterisk. 
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Figure II-5. Expression of DScam17-2::GFP in DPM neurons greatly impairs DPM 
neuron innervation of the MB γ  lobes. (A). A single confocal plane showing wild-type 
DPM neurons projections to the MB γ lobes visualized by expressing uas-CD8::GFP 
with c316{GAL4}. (B). The same confocal plane shown in A but visualizing the MB γ 
lobes (blue) with anti-TRIO antibody. (C). Merge of A and B. (D). A single confocal 
plane from a uas-DScam17-2::GFP; c316/uas-lacZ brain showing the severe reduction in 
DPM neuron projections to the MB γ lobes. The DPM projections are visualized with 
anti-lacZ immunostaining. (E). The same confocal plane shown in D but visualizing the 
MB γ lobes (blue) with anti-TRIO antibody. (F). Merge of D and E. (G). The same 
confocal plane shown in D, E and F but visualizing the DPM projections with DScam17-
2::GFP (pink) and the γ lobe neurons with anti-TRIO.  
CD8::GFP CD8::GFP 
anti-TRIO anti-TRIO 
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Figure II-6. Expression of DScam17-2:GFP in DPM neurons results in DPM 
neurons that primarily project to the MB prime lobes. (A). A single confocal plane 
showing wild-type DPM neuron projections to the MB lobes visualized by expressing 
uas-CD8::GFP with c316{GAL4}. (B). The same confocal plane shown in A but 
visualizing the MB αβ lobes (red) with anti-FASII antibody. (C). The same confocal 
plane shown in A and B but visualizing the MB α´/β´ lobes (blue) with anti-TRIO 
antibody. (D). Merge of A, B and C. (E). A single confocal plane from a uas-DScam17-
2::GFP; c316/uas-CD2 brain showing wild-type DPM neurons projections to the MB 
lobes visualized with anti-CD2 antibody. (F). The same confocal plane shown in E but 
visualizing the DPM projections with DScam17-2::GFP (red). (G). The same confocal 
plane shown in E and F but visualizing the MB αβ lobes (blue) with anti-FASII 
antibody. (H). Merge of E, F and G. 
CD8::GFP CD8::GFP 
anti-FASII anti-FASII 
anti-TRIO anti-TRIO 
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Figure II-7. Expressing a synaptotagmin-HA presynaptic compartment marker in 
DPM neurons labels some DPM projections in the MB lobes. (A). A single confocal 
plane from a uas-syt-HA/ uas-lacZ; c316 brain showing DPM neurons projections to the 
MB lobes visualized with an anti-lacZ antibody (blue) (B). The same confocal plane 
shown in A but visualizing the syt-HA (red) with anti-HA antibody. (C). Merge of A and 
B. Although syt-HA appears to label the entire DPM neuron including the cell body and 
primary neurite, the lacZ and syt-HA signals in the MB lobes partially overlap. Anti-lacZ 
appears to label many DPM projections that are not labeled by syt-HA. However, we do 
not know if the syt-HA negative areas represent connecting neurites or postsynaptic 
structure. We have also expressed the ‘presynaptic markers’ syt-HA and DScam 17-
2:GFP and we have found them to label most of the DPM neuron including the cell body 
and primary neurite (and DScam17-2::GFP gives a gain of function developmental 
defect). We have also expressed the ‘post-synaptic markers’ DScam17-1::GFP, rdl and 
Sh::CD8 and these also label the entire DPM neuron or are invisible (rdl).  
anti-lacZ 
anti-HA 
merge 
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Chapter III:  Sequential use of mushroom body neuron subsets during Drosophila 
odor memory processing 
 
III.A. Introduction 
The ephemeral nature of memory remains one of the greatest mysteries of modern 
biological research. Studies over the last century have determined that memory exists in 
time-dependent phases and is converted from a labile to a stable state after training by a 
process termed consolidation (Dudai, 2004). In mammals memory consolidation involves 
both parallel and sequential use of distinct brain regions. Consolidation initially requires 
the neural circuitry of the hippocampus and cortex, but once the memory is consolidated, 
the requirement of the hippocampus is diminished. Hippocampal damage impairs the 
consolidation of new memories, but leaves old memories intact, suggesting that 
consolidated memories permanently reside in the cortex (Scoville and Milner, 1957). 
In an animal model, learning and memory can be reduced to the novel association 
of two stimuli. This straightforward assay can be utilized in invertebrate models where 
the simpler anatomy and reduced complexity of the brain provide significant technical 
advantages for analysis of neural circuits involved in memory. Memory in invertebrates 
such as the sea slug Aplysia californica (Hawkins et al., 2006; Glanzman, 2006), the pond 
snail Lymnaea stagnalis (Lukowiak et al., 2003), the honeybee Apis mellifera (Menzel et 
al., 2006), and the fruit fly Drosophila melanogaster (Davis, 2005) share many of the 
same properties as their mammalian counterparts. Furthermore, studies in these “simple” 
systems suggest that the underlying molecular mechanisms have been conserved during 
evolution. 
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The most frequently studied learning and memory paradigm in Drosophila 
involves a pairing of one minute of odor (the conditioned stimulus, CS) with 12 electric 
foot shocks (the unconditioned stimulus, US) producing an aversive odor memory that 
lasts for several hours (Davis, 2005). This memory can be dissected into three distinct 
phases: short-term memory (STM), middle-term memory (MTM), and anesthesia-
resistant memory (ARM) (Folkers et al., 1993; Tully et al., 1994). Similar to vertebrate 
memory, earlier phases—STM and MTM—are labile and can be disrupted with a cold-
shock anesthesia, while the later phase, ARM, is anesthesia resistant and therefore 
represents a form of consolidated memory (Folkers et al., 1993; Tully et al., 1994). 
During this time frame (0 to 6 hr) memory is believed to be protein-synthesis independent 
(Tully et al., 1994). Although less studied, appetitive olfactory memory, formed by 
pairing sucrose (instead of shock) with an odor, shares similar temporal properties to 
aversive olfactory memory (Tempel et al., 1983; Schwaerzel et al., 2003; Keene et al., 
2006). 
A dependence on specific brain regions to process memory also appears to be 
generally conserved across taxa. The most heavily studied components of the fly 
olfactory memory circuit are the mushroom bodies (MBs), bilaterally symmetrical 
structures in the brain comprised of about 5000 neurons in total (Heisenberg, 2003). In 
addition to being critical for olfactory memory (Heisenberg et al., 1985; de Belle and 
Heisenberg, 1994), the MBs have also been implicated in other complex adaptive 
behaviors, including visual context generalization (Liu et al., 1999) and choice behavior 
(Tang and Guo, 2001), courtship conditioning (McBride et al., 1999), and sleep (Joiner et 
al., 2006; Pitman et al., 2006). The 2500 intrinsic neurons in each MB can be subdivided 
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into at least three morphological subsets—αβ, α′β′, and γ—based on the bundling of their 
axonal projections in the region of the MBs called the lobes (Crittenden et al., 1998). 
Each MB neuron that contributes to the αβ subdivision bifurcates and sends one axon 
branch to the α lobe and one to the β lobe. Similarly, each neuron in the α′β′ lobe 
bifurcates and sends one axon branch to the α′ lobe and one to the β′ lobe. The 
significance of this morphological arrangement is poorly understood, and as a result, 
conceptual models of MB function in olfactory memory do not clearly differentiate 
between αβ, α′β′, and γ neurons. 
Experiments conducted with learning- and memory-defective mutant flies have 
led to the prevailing model in which MB neurons associate the odor CS with the shock, 
or sugar US, using potential coincidence-detecting molecules like RUT adenylyl cyclase 
(Zars et al., 2000; McGuire et al., 2003; Mao et al., 2004), and store the aversive or 
appetitive associations within the specific neurons that are activated by a particular odor 
(Heisenberg, 2003; Davis, 2005). This model is supported by the demonstration that 
transient blockade of MB synaptic transmission during acquisition, storage, and/or 
retrieval indicates a requirement for MB output only during memory retrieval (Dubnau et 
al., 2001; McGuire et al., 2001; Schwaerzel et al., 2003; Davis, 2005). The apparent 
dispensability of MB neuron output for memory formation implies that memory could be 
represented at MB output synapses or synapses that are upstream of MB output synapses. 
Although there is ample evidence for a role of upstream antennal lobe (AL) circuits in 
memory in other insects (Stopfer and Laurent, 1999; Daly et al., 2004), particularly in the 
honeybee (Hammer and Menzel, 1998; Faber et al., 1999), only one live-imaging study in 
Drosophila has reported a short-term change in AL neural activity after aversive 
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olfactory training (Yu et al., 2004). 
The analysis of Dorsal Paired Medial (DPM) neurons suggests that a more 
complex and dynamic process underlies olfactory memory. DPM neurons express the 
putative neuropeptide precursor encoded by the amn gene and their processes intermingle 
with the MB lobes, indicative of a role in modulating the MB neuron ensemble (Waddell 
et al., 2000). Behavioral analyses have demonstrated that output from DPM neurons is 
critical after training for memory stability and is not required during acquisition or recall 
(Keene et al., 2004; Keene et al., 2006; Yu et al., 2005). Given that DPM neurons appear 
to be part of the MB circuit, one might expect that MB neurons would show a similar 
temporal requirement to DPM neurons during memory consolidation, rather than only in 
retrieval. However, the current literature does not address this discrepancy. DPM neuron 
projections to MB α′β′ lobe neurons appear to be sufficient to stabilize aversive and 
appetitive odor memory, suggesting that a DPM neuron-to-MB α′β′ neuron connection 
could be critical for memory consolidation (Keene et al., 2006). These findings led us to 
investigate the role of MB α′β′ neuron output in memory processing. Here we show that 
stable memory requires the sequential involvement of different MB neuron subsets. α′β′ 
neurons are required during and after training to acquire and stabilize olfactory memory, 
whereas, consistent with a previous report (McGuire et al., 2001), αβ neuron output is 
only required to retrieve the memory. Similar to mammals, memory processing in flies 
likely involves parallel and sequential use of distinct neural circuits. 
 
III.B. Materials and Methods 
Flies: Fly stocks were raised on standard cornmeal food at 25°C and 40%–50% 
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relative humidity. The wild-type Drosophila strain used in this study is Canton-S. The 
uas-mCD8::GFP flies are described (Lee and Luo, 1999). We used flies carrying either a 
single insertion of the uas-shits1 transgene (Kitamoto, 2001) on the third chromosome 
(Fig. III-3 and Fig. III-5) or two insertions of the uas-shits1 transgene on the X and third 
chromosome (Fig. III-2 and Fig. III-4). We previously described the DPM neuron-
restricted c316{GAL4} (Waddell et al., 2000). The uas-DScam17-2::GFP flies are 
described (Wang et al., 2004). We generated flies expressing shits1 in DPM neurons that 
primarily project to the MB α′β′ lobes by crossing uas-DScam17-2::GFP/CyO; uas-shits1 
males to homozygous c316{GAL4} females. All flies were trained and tested together 
and uas-DScam17-2::GFP; c316{GAL4}/ uas-shits1 flies were sorted from CyO; 
c316{GAL4}/ uas-shits1 flies after testing and were counted separately. c320{GAL4} 
flies were previously described (Martini and Davis, 2005). We generated c305a{GAL4}; 
uas-shits1, c320{GAL4}; uas-shits1, and c739{GAL4}; uas-shits1 flies by crossing uas-
shits1 females to c305a, c320, and c739 male flies. We generated 
c305a{GAL4}/MB{GAL80}; uas-shits1, c320{GAL4}/MB{GAL80}; uas-shits1, and 
c739{GAL4}/MB{GAL80}; uas-shits1 flies by crossing MB{GAL80}; uas-shits1 female 
flies to c305a, c320, and c739 male flies. Heterozygote uas-shits1/+, MB{GAL80}/+; uas-
shits1/+, c305a/+, c320/+, and c739/+ flies were generated by crossing uas-shits1, 
MB{GAL80}; uas-shits, c305a, c320, and c739 flies to wild-type flies. Unless stated 
otherwise all flies tested are heterozygote for the listed transgenes, and a mixed 
population of sexes was tested for olfactory memory. 
Behavioral analysis: The olfactory avoidance paradigm was performed as 
described previously (Tully and Quinn, 1985; Keene et al., 2004). The Performance 
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Index (PI) is calculated as the number of flies avoiding the conditioned odor minus the 
number of flies avoiding the unconditioned odor divided by the total number of flies in 
the experiment. A single PI value is the average score from flies of an identical genotype 
trained with each odor (3-Octanol or 4-Methylcyclohexanol). Olfactory conditioning with 
sugar-reward was performed as previously described (Keene et al., 2006). Flies were 
starved for 16–20 hr before conditioning. The PI is calculated as the number of flies 
running toward the conditioned odor minus the number of flies running toward the 
unconditioned odor divided by the total number of flies in the experiment. A single PI 
value is the average score from flies of an identical genotype tested with each odor (3-
Octanol or 4-Methylcyclohexanol). To reduce variation within experiments, all genotypes 
were tested in each experimental session. 
We previously determined that the c316, uas-shits1, uas-DScam17-2::GFP, and 
uas-DScam17-2::GFP; c316 flies strains tested in this study have normal odor, electric 
shock, and sugar acuity (Waddell et al., 2000; Keene et al., 2004; Keene et al., 2006). We 
tested the odor, shock, and sugar acuity of the remaining stocks (see Table III-1) using 
previously reported methods (Keene et al., 2004; Keene et al., 2006). 
Statistical analyses were performed using KaleidaGraph (Synergy Software). 
Overall analyses of variance (ANOVA) were followed by planned pairwise comparisons 
between the relevant groups with a Tukey HSD post hoc test. Unless stated otherwise, all 
experiments are n ≥ 8. 
 
Immunocytochemistry: Adult brains expressing transgenic uas-mCD8::GFP 
were removed from the head capsule and fixed in 4% paraformaldehyde in Phosphate 
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Buffered Saline (PBS) (1.86 mM NaH2PO4, 8.41 mM Na2HPO4, and 175 mM NaCl) for 
15 min, and rinsed in PBS-T (PBS containing 0.25% Triton X-100). Brains were 
incubated with the following antibody concentrations: 1:4 mAb anti-TRIO (Awasaki et 
al., 2000), 1:4 mAb 1D4 anti-FASII (Grenningloh et al., 1991) (Hybridoma Bank, 
University of Iowa), 1:3000 Rb anti-FASII (gift from V. Budnik), and 1:200 mAb anti-
GFP (Invitrogen). They were then incubated with the appropriate fluorescent secondary 
antibodies (Jackson Laboratories). Confocal analysis was performed on a Zeiss LSM 5 
Pascal confocal microscope. All samples to be compared were processed in parallel and 
images were acquired using identical microscope settings. Confocal stacks were 
processed using ImageJ and Adobe Photoshop. 
 
III.C. Results 
The c305a{GAL4} and c320{GAL4} enhancer-trap lines express in MB α′β′ neurons 
Previous studies have reported that MB neuron output is dispensable during 
memory acquisition and storage (Dubnau et al., 2001; McGuire et al., 2001; Schwaerzel 
et al., 2003; Davis, 2005), while we have identified a requirement for DPM neuron 
activity during memory storage (Keene et al., 2004; Keene et al., 2006). One possible 
explanation for this observed difference between MB and DPM neuron temporal 
requirements is that the previously employed {GAL4} drivers provided incomplete 
coverage of all MB neuron subtypes. We therefore sought to examine in more 
detail where the previously employed MB{GAL4} drivers MB247 (Schwaerzel et al., 
2002; Davis, 2005), c309, c747 (Dubnau et al., 2001; Schwaerzel et al., 2002), and c739 
(McGuire et al., 2001) expressed in the MBs. We used the MB247, c309, c747, and c739 
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{GAL4} drivers to express a membrane-tethered GFP (uas-CD8::GFP) (Lee and Luo, 
1999). Projections of confocal stacks through the MBs of these GAL4 drivers are shown 
in Fig. III-1A1-1D1. Gross inspection of the patterns revealed strong expression in the αβ 
and γ lobes and significantly less in the α′β′ lobe. This marked difference is most easily 
observed in the intertwined vertical α and α′ lobes (Fig. III-1A1-1F1 and Fig. III-6). 
MB247 (Fig. III-1A1), c309 (Fig. III-1B1), and c747 (Fig. III-1C1) strongly express in 
αβ and γ neurons, and in a few α′β′ neurons as well. c739, as previously described 
(McGuire et al., 2001), is the most restricted, expressing only in the MB αβ neurons; no 
GFP expression is visible in the α′ lobes (arrowheads, Fig. III-1D1). 
To more precisely examine the enhancer-trap expression patterns in the MB lobes, 
we colabeled brains with anti-FASII antibody (Grenningloh et al., 1991) to mark the MB 
αβ neurons and anti-TRIO antibody to mark the MB α′β′ neurons (Awasaki et al., 2000) 
and examined the colocalization of CD8::GFP with these markers. Representative single 
confocal sections through the MBs for each of the aforementioned GAL4 lines are shown 
in Fig. III-1A2-1D4 and Fig. III-6A1-D3. Our colocalization analysis confirmed the 
conclusions of our initial visual inspection. MB247 (Fig. III-1A2-1A4 and Fig. III-6A1-
A3), c309 (Fig. III-1B2-1B4 and Fig. III-6B1-B3), and c747 (Fig. III-1C2-1C4 and Fig. 
III-6C1-C3) show little expression in α′β′ neurons, and c739 (Fig. III-1D2-1D4 and Fig. 
III-6D1-D3) shows none. Based on our analysis, we conclude that the previous studies 
that identified a requirement for MB output only during memory retrieval (Dubnau et al., 
2001; McGuire et al., 2001; Schwaerzel et al., 2003; Davis, 2005) mostly blocked αβ and 
γ neuron activity and did not sufficiently address α′β′ neuron function. 
To specifically investigate the role of α′β′ neurons, we first screened a collection 
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of enhancer-trap fly lines (www.fly-trap.org) for those that strongly expressed the GAL4 
transcription factor in α′β′ neurons. We identified the c305a and c320 (Martini and Davis, 
2005) lines as candidates and we verified the MB expression of these lines by crossing 
them to flies harboring a uas-CD8::GFP transgene (Fig. III-1E1, 1E2, 1F1, and 1F2; and 
Fig. III-6E1-F3, Fig. III-7 and Fig. III-8) and subjecting the brains to the same analysis as 
the MB247, c309, c747, and c739 drivers. 
Confocal microscopic analysis revealed CD8::GFP expression that was restricted 
to α′β′ neurons within the MBs in c305a (Fig. III-1F2-1F4 and Fig. III- 6F1-F3) and α′β′, 
αβ, and a limited subset of γ neurons in c320 (Fig. III-1E2-1E4 and Fig. III-6E1-E3). The 
specificity of c305a for α′β′ neurons is particularly striking in single confocal sections: 
CD8::GFP shows almost no colocalization with FASII (Fig. III-1F3 and Fig. III-6F2) and 
extensive colocalization with TRIO (Fig. III-1F4 and Fig. III-6F3). To further illustrate 
this specificity, we have included the merged (Fig. III-1G2) and individual channels 
corresponding to FASII (Fig. III-1G3) and TRIO (Fig. III-1G4) immunofluorescence 
shown in Fig. III-1F3 and III-1F4, respectively. Other regions of significant expression in 
c305a include the AL, ring neurons in the ellipsoid body of the central complex (CC), 
and putative mechanosensory neurons in the antennal nerve (Fig. III-1F1 and Fig. III-7). 
Although c305a and c320 also label other neurons in the brain, we conclude that the most 
obvious common region of expression in the c305a and c320 lines is the MB α′β′ neurons 
(also see Fig. III-6-8). 
 
Output from MB α′β′ neurons is required during and after training for 
consolidation of aversive odor memory 
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We used the c305a{GAL4} and c320{GAL4} lines (subsequently denoted c305a 
and c320) to examine the role of MB α′β′ neurons in aversive olfactory memory. 
Throughout this work we used the c739{GAL4} line (subsequently denoted c739) to 
compare the role of MB αβ neurons. We taught flies to associate an odor CS with a 
punitive electric shock US using standard protocols (Tully and Quinn, 1985; Keene et al., 
2004). We first tested the role of MB α′β′ neurons in memory by blocking their output 
throughout the entire olfactory conditioning experiment (Fig. III-2B). We expressed the 
dominant temperature-sensitive shibirets1 (shits1) transgene (Kitamoto, 2001) in MB α′β′ 
neurons and performed memory experiments at either the permissive (25°C) or the 
restrictive (31°C) temperature. At the restrictive temperature, shits1 blocks vesicle 
recycling and thereby blocks synaptic vesicle release. At 25°C odor memory scores of 
wild-type, uas-shits1, c305a, c305a; uas-shits1, c320, c320; uas-shits1, and c739; uas-shits1 
flies were statistically indistinguishable (p > 0.9) (Fig. III-2A). However, at 31°C 
memory of c305a; uas-shits1, c320; uas-shits1, and c739; uas-shits1 flies was severely 
reduced and was statistically different from wild-type, c305a, c320, and uas-shits1 flies 
(c305a; uas-shits1 all p < 0.02; c320; uas-shits1 all p < 0.001; c739{GAL4}; uas-shits1 all p 
< 0.001) (Fig. III-2B). Therefore, MB αβ and α′β′ neuron synaptic release is necessary for 
odor memory. 
The four previous reports that principally blocked output from MB αβ and γ 
neurons concluded that MB output was dispensable during memory acquisition and 
storage but was required during memory retrieval (Dubnau et al., 2001; McGuire et al., 
2001, Schwaerzel et al., 2002; Davis, 2005). We therefore investigated whether MB α′β′ 
neurons were required during memory acquisition, consolidation, or retrieval. We again 
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blocked MB α′β′ neuron and MB αβ neuron output with uas-shits1, but we restricted the 
inactivation to the training, testing, or storage period. Blocking MB αβ neurons during 
acquisition did not produce memory loss, consistent with the previous report (McGuire et 
al., 2001) (Fig. III-2C). Memory of c739; uas-shits1 flies was comparable with that of 
wild-type and uas-shits1 flies (both p > 0.9). However, blocking α′β′ neuron output during 
acquisition impaired memory. Memory of c305a; uas-shits1 flies was statistically different 
from wild-type (p < 0.001), uas-shits1 (p < 0.01), and c739; uas-shits1 flies (p < 0.01). 
Memory of c320; uas-shits1 flies was statistically different from wild-type (p < 0.001), 
uas-shits1 (p = 0.001), and c739; uas-shits1 flies (p < 0.001). In contrast, blocking MB 
output during testing revealed that MB αβ neuron output is required for memory retrieval, 
consistent with the previous report (McGuire et al., 2001), whereas α′β′ neuron output is 
dispensable (Fig. III-2D). Memory of c739; uas-shits1 flies was statistically different from 
wild-type (p = 0.001), uas-shits1 (p < 0.001), c305a; uas-shits1 (p < 0.01), and c320; uas-
shits1 flies (p < 0.01), whereas memory of c305a; uas-shits1 and c320; uas-shits1 flies was 
statistically indistinguishable from wild-type (p = 0.75 and p = 0.3, respectively) and uas-
shits1 flies (p = 0.8 and p = 0.4, respectively). 
We next tested whether MB αβ neuron and α′β′ neuron output was required after 
training during memory storage. We trained flies at the permissive temperature, and 
immediately after training we blocked MB α′β′ neuron or MB αβ neuron output for 60 
min by shifting the flies to the restrictive temperature. We then returned flies to the 
permissive temperature and tested memory 2 hr later. Strikingly, this manipulation 
severely impaired memory if α′β′ neuron output was blocked, but it did not affect 
performance if MB αβ neurons were blocked (Fig. III-2E). Memory of c305a; uas-shits1 
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and c320; uas-shits1 flies was statistically different from wild-type flies (both p < 0.001), 
uas-shits1 flies (both p < 0.001), and c739; uas-shits1 flies (both p < 0.001), whereas 
memory of c739; uas-shits1 flies was indistinguishable from that of wild-type (p = 0.6) 
and uas-shits1 flies (p = 0.9). These data suggest that output from the MB α′β′ neurons is 
required for memory consolidation, whereas, consistent with previous studies, MB αβ 
neuron output is dispensable (Dubnau et al., 2001; McGuire et al., 2001, Schwaerzel et 
al., 2002; Davis, 2005). Furthermore, these data are consistent with the notion that 
subsets of MB neurons have different roles in memory processing. 
To conclude a memory-specific effect, it is necessary to determine that the 
experimental manipulation does not interfere with olfaction or shock avoidance. We 
tested the olfactory and shock acuity of c305a; uas-shits1 and c320; uas-shits1 flies at 25°C 
and 31°C (Table III-1). The odor and shock acuity of c305a; uas-shits1 flies is statistically 
indistinguishable from uas-shits1 and wild-type flies at both temperatures (all p > 0.5). 
However, c320; uas-shits1 flies have normal shock acuity (p > 0.8), but have a statistically 
significant olfactory acuity defect at 31°C (p < 0.05 for methylcyclohexanol [MCH]). 
This acuity defect is somewhat surprising, because c320; uas-shits1 flies display normal 
memory performance when they are tested for memory retrieval at 31°C (Fig. III-2D), 
suggesting that the flies can still discriminate between the odors. Nevertheless, the 
defective olfactory acuity of c320; uas-shits1 flies questions the validity of the c320; uas-
shits1 acquisition block experiment in which acuity is compromised during training. 
Hence, in the acquisition experiments we rely on the c305a; uas-shits1 flies, whose acuity 
remains intact. Our data suggest that stable memory requires neurotransmission from MB 
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α′β′ neurons during and after training, whereas memory retrieval exclusively depends on 
output from MB αβ neurons. 
 
Inhibiting MB expression in c305a and c320 reverses the uas-shits1-induced memory 
loss 
The c305a and c320 lines express in MB α′β′ neurons and in other neurons in the 
brain, including the CC and ALs (Fig. III-1 and Fig. III-3 and Fig. III-7 and III-8). 
Although we believe the only region of overlap between c305a and c320 is MB α′β′ 
neurons, we incorporated an MB-expressed GAL80 repressor of GAL4 (Lee and Luo, 
1999) to determine if MB expression in the c305a and c320 lines was required for the 
memory loss in the previous experiments. 
The MB-specific GAL80, MB{GAL80} (a gift from H. Tanimoto), harbors a 
GAL80 transgene driven by a 247 base pair fragment from the D-Mef2 promoter, which 
drives expression predominantly in the MBs (Zars et al., 2000; Mao et al., 2004; 
Riemensperger et al., 2005). Our data presented here (Fig. III-3 and Fig. III-7 and III-8) 
suggest that MB{GAL80} expresses GAL80 throughout the MB αβ, α′β′, and γ neurons 
(similar to MB247-dsRed in Riemensperger et al., 2005). In contrast, although the 
commonly used MB247{GAL4} line (Zars et al., 2000 and Fig. III-1A1-1A4) contains 
the same 247 bp D-Mef2 fragment fused to GAL4, it only expresses GAL4 in the MB αβ 
and γ neurons and does not express strongly in MB α′β′ neurons (Fig. III-1A1-1A4), 
presumably due to position-specific effects from the site of transgene insertion in the 
genome. We combined the MB{GAL80} insertion with the c305a, c320, and c739 
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drivers and uas-CD8::GFP and compared the resultant GFP expression patterns with that 
of the drivers without MB{GAL80}. 
The presence of the MB{GAL80} transgene specifically abolished GAL4 activity 
in MBs, but left expression elsewhere largely intact (Fig. III-3 and Fig. III-7 and III-8). 
Compared with c305a; uas-CD8::GFP flies (Fig. III-3A and Fig. III-7A-B), α′β′ neuron 
GFP expression was always eliminated in c305a/MB{GAL80}; uas-CD8::GFP flies (Fig. 
III-3D and Fig. III-7C-D), AL expression was slightly reduced, and ellipsoid body 
expression appeared unchanged (Fig. III-7). In c320/MB{GAL80}; uas-CD8::GFP flies, 
MB α′β′, αβ, and γ GFP expression was eliminated while the CC and diffuse expression 
elsewhere remained (compare Fig. III-3B and 3E and see Fig. III-8A–D). Lastly, in 
c739/MB{GAL80}; uas-CD8::GFP flies, MB αβ neuron expression was removed while 
expression elsewhere appeared unchanged (compare Fig. III-3C and 3F). We therefore 
conclude that the MB{GAL80} transgene eliminated GAL4-mediated expression in the 
MBs. 
We used the MB{GAL80} transgene in behavioral experiments with c305a, c320, 
and c739. We constructed a MB{GAL80}; uas-shits1 fly line and crossed the flies to 
c305a, c320, and c739 flies to ask whether the MB α′β′ neurons were responsible for the 
memory loss when c305a and c320 neurons were blocked during training and blocked for 
1 hr after training. We trained c305a; uas-shits1, c320; uas-shits1, and c739; uas-shits1 flies, 
with and without MB{GAL80}, at the restrictive temperature. Immediately after training 
we returned the flies to the permissive temperature. We then tested memory 3 hr later. 
Strikingly, this manipulation did not impair memory when α′β′ neuron expression was 
blocked by the presence of MB{GAL80} (Fig. III-3G). Memory of c305a/MB{GAL80}; 
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uas-shits1 and c320/MB{GAL80}; uas-shits1 flies was statistically indistinguishable from 
both wild-type (both p = 1) and uas-shits1 flies (both p = 1) and was statistically different 
from that of c305a; uas-shits1 (p = 0.01 and p = 0.02, respectively) and c320; uas-shits1 
flies (p < 0.01 and p = 0.01, respectively). We next trained c305a; uas-shits1, c320; uas-
shits1, and c739; uas-shits1 flies, with and without MB{GAL80}, at the permissive 
temperature, and immediately after training we blocked neuron output for 60 min by 
shifting the flies to the restrictive temperature. We then returned flies to the permissive 
temperature and tested memory 2 hr later. The presence of MB{GAL80} reversed the 
memory impairment observed when neurotransmission from c305a and c320 neurons was 
blocked (Fig. III-3H). Memory of c305a/MB{GAL80}; uas-shits1 and 
c320/MB{GAL80}; uas-shits1 flies was statistically indistinguishable from both wild-type 
(p > 0.9 and p = 1, respectively) and uas-shits1 flies (p > 0.9 and p = 1, respectively), and 
was statistically different from that of c305a; uas-shits1 (p < 0.005 and p = 0.001, 
respectively) and c320; uas-shits1 flies (p = 0.03 and p < 0.02, respectively). To control 
against nonspecific effects on memory by MB{GAL80}, we also combined 
MB{GAL80} with c739. Memory of c739/MB{GAL80}; uas-shits1 flies was statistically 
indistinguishable from that of c739; uas-shits1 flies (p = 1). Although we acknowledge 
that MB{GAL80} causes a modest reduction in AL labeling of c305a flies, there is no 
obvious AL overlap between c305a and c320. Therefore, these data strongly suggest that 
MB α′β′ neurons are responsible for the memory loss observed following blockade of 
c305a and c320 neurons during and after training. 
 
Output from MB α′β′ neurons is required during and after training for 
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consolidation of appetitive odor memory 
Flies can also be taught to associate an odor CS with an appetitive sugar reward 
US (Tempel et al., 1983), and MB output is also required to recall appetitive odor 
memory (Schwaerzel et al., 2003). However, a role for MB output in appetitive odor 
memory processing has not been established. We therefore tested whether output from 
MB α′β′ neurons was also required for acquisition and consolidation of appetitive odor 
memory (Fig. III-4). We trained flies to associate odor with sucrose reward and tested 
whether blocking MB α′β′ neuron output either during training or for 1 hr after training 
impaired appetitive memory. At 25°C (Fig. III-4A) odor memory performance of c305a; 
uas-shits1, c320; uas-shits1, and c739; uas-shits1 flies was indistinguishable from that of 
wild-type and uas-shits1 flies (all p ≥ 0.2). However, blocking α′β′ neuron output during 
training (Fig. III-4B) significantly impaired memory, whereas blocking αβ neurons had 
no effect. Memory of c305a; uas-shits1 and c320; uas-shits1 flies was statistically different 
from wild-type (both p = 0.02) and uas-shits1 flies (both p < 0.02), whereas memory of 
c739; uas-shits1 flies was statistically indistinguishable from that of wild-type (p > 0.9) 
and uas-shits1 flies (p > 0.9). We also tested for a role of α′β′ neurons during appetitive 
memory storage (Fig. III-4C). Immediately after training we blocked α′β′ neuron output 
for 60 min by shifting the flies to the restrictive temperature. We then returned flies to the 
permissive temperature and tested memory 2 hr later. Similar to aversive odor memory, 
this manipulation impaired memory when α′β′ neurons were blocked, but not if αβ 
neurons were blocked. Memory of c305a; uas-shits1 and c320; uas-shits1 flies was 
statistically different from wild-type (both p < 0.001) flies, uas-shits1 flies (p < 0.002 and 
p < 0.001, respectively), and c739; uas-shits1 flies (p < 0.002 and p < 0.001, respectively). 
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These data suggest that output from MB α′β′ neurons is required during training and 
storage for appetitive memory processing like it is for aversive odor memory. 
 
DPM neuron output to MB α′β′ lobe neurons is required after training for aversive 
odor memory consolidation 
Prolonged DPM neuron output after training is required to consolidate aversive 
and appetitive odor memory (Keene et al., 2004; Keene et al., 2006; Yu et al., 2005). 
Expressing a uas-DScam17-2::GFP (uas-DScam[exon17-2]::GFP) transgene in DPM 
neurons (with the c316{GAL4} driver) selectively reduces DPM neuron projections to 
the MB α, β, and γ lobes, leaving DPM neurons that primarily project to the MB α′β′ 
lobes (Keene et al., 2006). Furthermore, flies with DPM neurons that primarily project to 
the MB α′β′ lobes retain the ability to consolidate both aversive and appetitive memory 
(Keene et al., 2006). Memory of uas-DScam17-2::GFP; c316 flies is indistinguishable 
from that of wild-type flies (Keene et al., 2006 and Fig. III-5, p > 0.5). We asked whether 
DPM neurons projecting mostly to the MB α′β′ lobes have the same temporal 
requirement as wild-type DPM neurons and MB α′β′ neurons. We used the c316 driver to 
coexpress uas-DScam17-2::GFP and uas-shits1 transgenes in DPM neurons. We blocked 
DPM output for 1 hr after training by shifting the flies from the permissive temperature 
(25°C) to the restrictive temperature (31°C). Blocking DPM output for 60 min after 
training significantly reduced 3 hr aversive odor memory regardless of whether the uas-
DScam17-2::GFP transgene is present or not (Fig. III-5). Memory of uas-DScam17-
2::GFP; c316/ uas-shits1 flies is statistically different from wild-type (p < 0.001), uas-
shits1 (p < 0.0001), and uas-DScam17-2::GFP; uas-shits1 flies (p < 0.0001), and was 
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statistically indistinguishable from c316/ uas-shits1 flies (p > 0.3). These data suggest that 
output from DPM neurons to MB α′β′ neurons is required for memory consolidation. 
 
III.D. Discussion 
Mushroom bodies are required for acquisition, storage, and recall of olfactory 
memories 
It is often said that form follows function. According to this postulate, the striking 
multilobed arrangement of the insect MBs would imply functional differences between 
the different types of MB neurons: αβ, α′β′, and γ, but very limited data describing the 
individual function of these anatomical subdivisions exists. Although several complex 
behaviors in insects appear to require the MBs (Heisenberg et al., 1985; de Belle and 
Heisenberg, 1994; Martin et al., 1998; Liu et al., 1999; McBride et al., 1999; Tang and 
Guo, 2001; Pitman et al., 2006; Joiner et al., 2006) and a differential role for distinct MB 
neuron groups has been suggested in memory (Zars et al., 2000; McGuire et al., 2001; 
McGuire et al., 2003; Akalal et al., 2006)) and in sleep (Joiner et al., 2006), most 
conceptual models of memory treat the MBs as a single unit. 
One of the most detailed examinations of MB function has been in the context of 
Drosophila aversive olfactory memory, where flies are trained to associate specific odors 
with the negative reinforcement of electric shock (Tully and Quinn, 1985). Genetic 
studies over the last thirty years have suggested that the MBs play an essential role in fly 
olfactory memory (Heisenberg, 2003; Davis, 2005), but the role of the MBs in memory 
acquisition, storage, and retrieval has only been examined recently. Taking advantage of 
a dominant, temperature-sensitive dynamin transgene, uas-shits1, a number of laboratories 
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concluded that MB output was required only for recall, but not for acquisition or storage 
(Dubnau et al., 2001; McGuire et al., 2001; Schwaerzel; Davis, 2005). These and other 
findings have led to a simple model wherein Drosophila olfactory memory is formed and 
“stored” at MB output synapses. 
Our functional studies of DPM neurons, MB extrinsic neurons that ramify 
throughout the MB lobes, demonstrated they were specifically required during 
consolidation, but not acquisition or storage (Waddell et al., 2000; Keene et al., 2004; 
Keene et al., 2006; Yu et al., 2005). Furthermore, genetically modified DPM neurons that 
primarily innervate the MB α′β′ lobes retain function, implying that MB α′β′ neurons 
might also have a similar function in memory consolidation (Keene et al., 2006). 
Our examination of the GAL4 enhancer-trap lines used to express the uas-shits1 
transgene in the earlier MB studies revealed that c309, c747, and MB247 only express in 
a few MB α′β′ neurons compared to αβ and γ neurons, while c739 expresses exclusively 
in αβ neurons. Thus, it seems likely that prior studies utilizing these drivers did not 
observe requirements for MB activity during either olfactory memory acquisition or 
storage because of insufficient expression in α′β′ neurons. 
We subsequently identified two GAL4 enhancer-traps that strongly express in MB 
α′β′ neurons to test this hypothesis. The expression of c305a appears to be entirely 
restricted to α′β′ neurons within the MBs whereas c320 expresses in α′β′, αβ, and a few γ 
neurons. Both of these lines also express in additional non-MB neurons, so we employed 
an MB{GAL80} tool to more rigorously test the requirement for MB activity in these 
{GAL4} lines. With these reagents we investigated the role of MB α′β′ neurons in 
memory and found that MB α′β′ neuron output during and after training is critical for the 
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formation and consolidation of both appetitive and aversive odor memory from a labile to 
a more stable state. For comparison we also examined the requirements for MB αβ 
neurons using c739, confirming previous results (McGuire et al., 2001). Thus, output 
from the MB α′β′ neuron subset is required for memory acquisition and stabilization, 
whereas, as previously described, output from αβ neurons is apparently dispensable 
during training and consolidation but is required for memory retrieval (McGuire et al., 
2001). 
Based on our c305a and c739 data, we recognize that c320 flies, which express in 
both α′β′ and αβ neurons, might be expected to exhibit memory loss if MB neuron output 
was blocked during both the consolidation and recall time windows. However, it is 
possible that we did not observe a retrieval effect with c320 because it expresses GAL4 
in fewer αβ neurons, or is in a different subset of αβ neurons relative to the c739 driver. 
Despite this caveat, we believe our data suggest that different lobes of the MB 
have different roles in memory and provide a significant shift in our understanding of the 
role of the MB in memory. Older models implied that MB αβ, α′β′, and γ neurons were 
largely interchangeable, and that each of the MB neurons that responded to a particular 
odor received coincident CS and US input and modified their presynaptic terminals to 
encode the memory. The data presented here suggest that MB αβ and α′β′ neurons are 
functionally distinct. 
In this study, we did not investigate the role of the unbranched γ lobe neurons. 
Previous work with c309, c747, and MB247 suggests that neurotransmission from γ 
neurons is likely dispensable for acquisition and consolidation (Dubnau et al., 2001; 
McGuire et al., 2001; Schwaerzel; Davis, 2005). In addition, a prior study indicated that γ 
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neurons are minimally involved in MTM and ARM (Isabel et al., 2004). However, it is 
possible that experiments to date have not employed odors that require γ neuron 
activation. The response of γ neurons may be tailored to ethologically relevant odors such 
as pheromones. It is notable that fruitless, a transcription factor required for male 
courtship behavior, is expressed in MB γ neurons (Stockinger et al., 2005; Manoli et al., 
2005), and blocking expression of the male-specific fruM transcript in the MB γ neurons 
impairs courtship conditioning (Manoli et al., 2005). If the relevant odors can be 
identified, it will be interesting to determine if MB α′β′ neurons and DPM neurons are 
required to stabilize these odor memories in the γ neurons. Recent work is supportive of 
the idea that odor identity may be a factor in determining the requirement for the subsets 
of MB neurons in olfactory learning (Akalal et al., 2006). 
Stable aversive and appetitive odor memory requires prolonged DPM neuron 
output during the first hour after training, and DPM neuron output is dispensable during 
training and retrieval (Keene et al., 2004; Keene et al., 2006). DPM neurons ramify 
throughout the MB lobes, but DPM neurons that have been engineered to project mostly 
to the MB α′β′ lobes retain wild-type capacity to consolidate both aversive and appetitive 
odor memory (Keene et al., 2006). In this study we have demonstrated that, similar to 
wild-type DPM neurons, blocking output from these modified DPM neurons for 1 hr after 
training abolishes memory. Thus, finding a specific role for both DPM neuron output to 
MB α′β′ lobes and MB α′β′ neuron output during the first hour after training is consistent 
with the notion that a direct DPM-MB α′β′ neuron synaptic connection is important for 
memory stability. It should be reiterated that the focus of this paper has been on protein 
synthesis-independent memory, and whether or not a similar processing circuit is utilized 
112 
for protein synthesis-dependent LTM (Tully et al., 1994) remains an open question. 
Beyond simply attributing an additional function to the MBs, when taken in 
conjunction with our work on the role of DPM neurons in memory (Waddell et al., 2000; 
Keene et al., 2004; Keene et al., 2006; Yu et al., 2005), the data presented here suggest a 
new model for how olfactory memories are processed within the MBs. We propose that 
olfactory information received from the second-order projection neurons (PNs) is first 
processed in parallel by the MB αβ and α′β′ neurons during acquisition. Activity in α′β′ 
neurons establishes a recurrent α′β′ neuron-DPM neuron loop that is necessary for 
consolidation of memory in αβ neurons, and subsequently, memories are stored in αβ 
neurons, whose activity is required during recall. It is plausible that MB α′β′ neurons are 
directly connected to MB αβ neurons and/or that DPM neurons provide the conduit 
between MB neurons. However, our finding that DPM neurons that project primarily to 
MB α′β′ neurons are functional implies that only a few connections from DPM neurons to 
MB αβ neurons are necessary. 
The requirement for α′β′ neuron output during training also potentially provides a 
source for the activity that drives DPM neurons. DPM neuron activity is not required 
during training (Keene et al., 2004; Keene et al., 2006), and our current data are 
consistent with the idea that olfactory conditioning triggers activity in MB α′β′ neurons, 
which in turn elicits DPM neuron-dependent activity. We propose that after training, 
recurrent MB α′β′ neuron-DPM neuron activity is self-sustaining for 60–90 min (Yu et 
al., 2005). This recurrent network mechanism is similar to models for working memory in 
mammals (Durstewitz et al., 2000). It is also conceivable that MB α′β′ neurons receive 
prolonged input after training from the ALs via the PNs. Olfactory conditioning has been 
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reported to alter the odor response of Drosophila PNs in the AL, but the observed effects 
were short-lived (Yu et al., 2004). Nevertheless, AL plasticity for a few minutes after 
training could contribute to the required MB α′β′ neuron activity. If continued activity 
from the AL is required for consolidation, blocking PN transmission with shits1 for 1 hr 
after training should abolish memory. The bee AL and MB are clearly involved in 
olfactory memory and may function somewhat independently in learning and memory 
consolidation, respectively (Hammer and Menzel, 1998). However, biochemical 
manipulation of the bee AL can also induce LTM (Muller, 2000), and therefore it is 
possible that either plasticity in the AL alone can support LTM, or that the AL and MB 
interact during acquisition and consolidation. A differential role for the AL and MBs has 
also been suggested from neuronal ablation studies of courtship conditioning in 
Drosophila. Short-term courtship memory can be supported by the AL, but memory 
lasting longer than 30 min requires the MBs (McBride et al., 1999). 
Our work also has significant implications for the organization of aversive and 
appetitive odor memories in the fly brain. Stability of both appetitive and aversive 
memory is dependent on DPM neurons (Keene et al., 2006) and MB α′β′ neurons. It 
therefore appears that processing of aversive and appetitive odor memories may 
bottleneck in the MBs. It has been demonstrated that aversive memory formation requires 
dopaminergic neurons whereas appetitive memory relies on octopamine to provide a 
possible mechanism to distinguish valence (Schwaerzel et al., 2003). However, they also 
found that MB output is required to retrieve aversive and appetitive odor memory, 
suggesting that both forms of memory involve MB neurons and that both US pathways 
may converge on MB neurons. It will be important to understand how the common 
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circuitry is organized to independently process the different types of memory and to 
establish if, and how, such memories coexist. 
Our data, taken with that of other laboratories (McGuire et al., 2001; Isabel et al., 
2004), imply that stable memory may reside in MB αβ neurons because blocking output 
from MB αβ neurons impairs retrieval of MTM and ARM (both components of 3 hr 
memory). We previously proposed that AMN peptide(s) released from DPM neurons 
cause prolonged cAMP synthesis in MB neurons that is required to stabilize memory 
(Waddell et al., 2000). Our finding that genetically engineered DPM neurons mostly 
projecting to the MB α′β′ lobes are functional (Keene et al., 2006), taken with the idea 
that stable memory resides in MB αβ neurons, is somewhat inconsistent with the notion 
that crucial AMN-dependent memory processes occur in MB αβ neurons. However, it is 
plausible that AMN, or another DPM product that is released in a shibire-dependent 
manner, could diffuse locally from the aberrant DPM neurons to MB αβ neurons. 
This work demonstrates that MB αβ neurons and α′β′ neurons have different roles 
in memory. Beyond gross structural and gene expression differences, it will be essential 
to establish the precise connectivity, relative excitability, and odor responses of the 
different MB neurons. Future study may also reveal further functional subdivision within 
the MB lobes, and it should be possible to refine our current MB α′β′ neuron GAL4 lines 
with appropriate GAL80 transgenes and FLP-out technology (Golic and Lindquist, 1989). 
 
A neural circuit-based view of olfactory memory 
In the mammalian brain memories that initially depend on the function of the 
hippocampus lose this dependence when they are consolidated. This transient 
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involvement of the hippocampus has led to the idea that consolidation of memory results 
in the transfer of memory from the hippocampal circuits to the cortex. An alternate view 
is that aspects of the memory are always in the cortex but are dependent on the 
hippocampus because recurrent activity from cortex to hippocampus to cortex is required 
for consolidation. Hence, disrupting hippocampal activity during consolidation leads to 
memory loss. 
Our data suggest the simpler fruit fly brain similarly employs parallel and 
sequential use of different regions to process memory. MB α′β′ neuron activity is 
required to form memory, MB α′β′ neurons and DPM neurons are transiently required to 
consolidate memory, and output from αβ neurons is exclusively required to retrieve 
memory. We therefore propose that aversive and appetitive odor memories are formed in 
MB αβ neurons and are stabilized there by recurrent activity involving MB α′β′, DPM 
neurons, and the MB αβ neurons themselves. 
It is becoming increasingly apparent that neural circuit analysis will play an 
important role in understanding how the brain encodes memory. The ease and 
sophistication with which one can manipulate circuit function in Drosophila, combined 
with the relative simplicity of insect brain anatomy, should ensure that the fruit fly will 
make significant contributions to this emerging discipline. 
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Figure III-1. MB α′β′ neuron expression in GAL4 driver lines. 
(A1–F1) Projections through the MB lobes of the respective GAL4 enhancer-trap lines. 
Blue arrowheads indicate position of α′ lobe tip, red diamond indicates the center of the α 
lobe tips. Driver name is listed in the lower right-hand corner of each panel. MB247 
(A1), c309 (B1), c747 (C1), and c739 (D1) have little or no CD8::GFP expression in α′β′ 
neurons, but strong expression in αβ neurons. In contrast, c320 (E1) and c305a (F1) show 
strong expression in α′β′ neurons. c305a is α′β′-neuron specific, while c320 expresses in 
α′β′, αβ, and γ neurons. (A2–F4) Single focal planes through the MBs showing 
colocalization of CD8::GFP (A2–F2) with FASII (A3–F3) and TRIO (A4–F4), which 
mark αβ neurons and α′β′ neurons, respectively. The GAL4 drivers used are the same as 
those shown in (A1)–(F4). Because α′β′, αβ, and γ neurons are all present in the optical 
section, the white dotted box in each panel highlights the portion of the left β′ lobe 
visible. A cartoon depicting the approximate lobe arrangement in these panels is shown in 
(G1). In these figures we identify α′β′ neurons as being only TRIO positive, αβ neurons 
as being only FASII positive, and γ neurons as being both TRIO and FASII positive. 
MB247 (A2–A4), c309 (B2–B4), c747 (C2–C4), and c739 (D2–D4) have relatively low 
CD8::GFP expression in β′ neurons in comparison with c320 (E2–E4) and c305a (F2–
F4). c305a appears to express in a larger fraction of β′ neurons than c320. (G1) Cartoon 
depicting MB lobe arrangement in (A2) through (G4). (G2–G4) A representative single 
focal plane showing the MB lobe arrangement seen in (A2)–(F4) with FASII and TRIO. 
(G3) and (G4) show the expression pattern of FASII (G3) and TRIO (G4) alone, and 
(G2) shows the merge. (G2)–(G4) are the same confocal section as (F2)–(F4) for the 
c305a driver. Scale bar, 10 µm. 
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Figure III-2. Neurotransmission from MB α′β′ neurons is required for acquisition 
and consolidation of aversive odor memory, whereas transmission from MB αβ 
neurons is only required for retrieval. 
(A) The permissive temperature of 25°C does not affect 3 hr aversive odor memory of 
any of the lines used in this study. All genotypes were trained and tested for 3 hr memory 
at 25°C. 
(B) Disrupting MB α′β′ or αβ neuron output at the restrictive temperature of 31°C impairs 
memory. All genotypes were trained and tested for 3 hr aversive odor memory at 31°C. 
(C) Blocking MB α′β′ neuron output, but not MB αβ neuron output, during training 
impairs 3 hr aversive odor memory. Flies were incubated at 31°C for 15 min prior to and 
during training. Immediately after training they were returned to 25°C and tested for 3 hr 
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memory. 
(D) Blocking MB αβ neuron output, but not MB α′β′ neuron output, during testing 
disrupts 3 hr aversive odor memory. Flies were trained at 25°C and 165 min later were 
shifted to 31°C. Fifteen minutes later three-hour memory was tested at 31°C. 
(E) Blocking MB α′β′ neuron output, but not MB αβ neuron output, immediately after 
training severely impairs 3 hr aversive odor memory. Flies were trained at 25°C, and 
immediately after training they were shifted to 31°C for 60 min. Flies were then returned 
to 25°C and tested for 3 hr aversive odor memory at 25°C. 
The temperature shift protocols are shown pictographically above each graph. Error bars 
= SEM. Asterisks denote significant difference (p < 0.05) from all other unmarked 
groups. All flies harbor two copies of the uas-shits1 transgene. 
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Figure III-3. MB α′β′ neuron expression is required for the c305a- and c320-
dependent memory loss. 
(A) c305a{GAL4}; uas-CD8::GFP, (B) c320{GAL4}; uas-CD8::GFP, and (C) 
c739{GAL4}; uas-CD8::GFP counterstained with anti-FASII to label MB αβ neurons. 
(D–F) Combining MB{GAL80} with c305a{GAL4}; uas-CD8::GFP, c320{GAL4}; uas-
CD8::GFP, and c739{GAL4}; uas-CD8::GFP eliminates MB neuron expression, but 
expression elsewhere remains largely intact. Scale bar = 10 µm. (G and H) Combining 
MB{GAL80} with c305a{GAL4}; uas-shits1 and c320{GAL4};uas-shits1 reverses the 
temperature-induced memory loss observed when c305a{GAL4} and c320{GAL4} 
neurons are blocked (G) during acquisition and (H) for 1 hr after training. The 
temperature shift protocols are shown pictographically above each graph. Flies were 
tested for 3 hr aversive odor memory at 25°C. Error bars = SEM. Asterisks denote 
significant difference (p < 0.05) from all other unmarked groups. All flies harbor one 
copy of the uas-shits1 transgene. 
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Figure III-4. MB α′β′ neuron output is required for stable appetitive odor memory. 
(A) The permissive temperature of 25°C does not affect 3 hr appetitive odor memory of 
c305a{GAL4}; uas-shits1, c320{GAL4}; uas-shits1 or c739{GAL4}; uas-shits1 flies. All 
genotypes were trained and tested for 3 hr memory at 25°C. 
(B) Blocking MB α′β′ neuron (c305a and c320) output, but not MB αβ neuron (c739) 
output, during training impairs 3 hr aversive odor memory. Flies were incubated at 31°C 
for 15 min prior to and during training. Immediately after training they were returned to 
25°C and tested for 3 hr memory. 
(C) Blocking MB α′β′ neuron (c305a and c320) output, but not αβ neuron (c739) output, 
immediately after training severely impairs 3 hr appetitive odor memory. Flies were 
trained at 25°C, and immediately after training they were shifted to 31°C for 60 min. 
Flies were then returned to 25°C and tested for 3 hr appetitive odor memory at 25°C. 
The temperature shift protocol is shown pictographically above each graph. Error bars = 
SEM. Asterisks denote significant difference (p < 0.05) from other unmarked groups. All 
flies harbor two copies of the uas-shits1 transgene. 
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Figure III-5. Blocking synaptic transmission after training from DPM neurons that 
primarily project to the MB α′β′ lobes abolishes memory. 
Expressing a uas-DScam17-2::GFP transgene in DPM neurons leads them to primarily 
project to the MB α′β′ lobes. Blocking output from the modified DPM projections for 1 
hr after training severely impairs 3 hr odor memory. The temperature shift protocol is 
shown pictographically. Flies were trained at 25°C, and immediately after training they 
were shifted to 31°C for 60 min. Flies were then returned to 25°C and tested for 3 hr 
aversive odor memory at 25°C. Error bars = SEM. Asterisks denote significant difference 
(p < 0.05) from all other unmarked groups. All flies harbor one copy of the uas-shits1 
transgene. 
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Figure III-6. MB α′β′  neuron expression in GAL4 driver lines. Panels A1 through F4 
are single focal planes through the MBs at the level of the tips of the α and α′  lobes   
Colocalization of CD8::GFP (A1-F1) is shown with FAS II (A2-F2) and TRIO (A3-F3), 
which mark αβ neurons and α′β′ neurons respectively. In these figures we identify α′ 
neurons as being only TRIO positive and a neurons as being only FAS II positive. 
Arrowheads indicate position of the α′ lobe tip, diamond indicates the center of the a lobe 
tip. MB247(A1-A4), c309(B1-B4), c747(C1-C4) and c739(D1-D4) have relatively low 
CD8::GFP expression in a´ neurons in comparison to c320(E1-E4) and c305a(F1-F4).  
c305a appears to express in a larger fraction of a´ neurons than c320. Scale bar represents 
10mm. 
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Figure III-7. The expression pattern of c305a{GAL4} and inhibition by 
MB{GAL80}. (A) and (B). Projections through two c305a{GAL4}; uas-CD8::GFP 
brains reveal labeling of the antennal nerve (AN), antennal lobe (AL), ellipsoid body 
(EB) ring neurons in the central complex and mushroom body α′β′ neurons (MB). (C) 
and (D) are projections through two c305a{GAL4}/MB{GAL80}; uas-CD8::GFP brains. 
MB{GAL80} eliminates MB expression, causes a modest decrease in AL and leaves EB 
and AN labeling intact. 
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Figure III-8. The expression pattern of c320{GAL4} and inhibition by MB{GAL80}. 
(A). Projection through frontal sections of a c320{GAL4}; uas-CD8::GFP brain at the 
level of the antennal lobes (AL) and mushroom bodies (MB) reveals weak labeling of the 
mushroom body αβ, α′β′ and γ neurons (MB) as well as a diffuse group of neurons 
outside the MBs. (B). Projection through a c320{GAL4}; uas-CD8::GFP brain at the 
level of the Central Complex (CC) reveals labeling throughout the CC. At this level in the 
brain labeling in the MB peduncle and regions of the β′ and γ lobe are also visible. (C). 
Projection through frontal sections of a c320{GAL4}/MB{GAL80}; uas-CD8::GFP brain 
at the level of the antennal lobes (AL) and mushroom bodies (MB) . MB{GAL80} 
eliminates MB labeling but the more diffuse labeling throughout the brain remains. (D). 
Projection through a c320{GAL4}/MB{GAL80}; uas-CD8::GFP brain at the level of the 
CC. MB{GAL80} eliminates MB labeling but expression in the fan-shaped body (FSB), 
ellipsoid body (EB) and noduli (NO) of the CC remains. 
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Table III-1. Olfactory acuity and shock avoidance scores for strains used in this 
study. 
There are no statistical differences between the relevant groups other than c320{GAL4}; 
uas-shits1 flies, which display lower MCH acuity at 31°C (denoted in italics). 
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Chapter IV. Rapid consolidation to a radish and protein synthesis-dependent long-
term memory after single-session appetitive olfactory conditioning in Drosophila 
 
IV.A. Introduction 
In Drosophila, formation of aversive olfactory long-term memory (LTM) requires 
multiple training sessions pairing odor and electric shock punishment with rest intervals. 
In contrast, here we show that a single 2 min training session pairing odor with a more 
ethologically relevant sugar reinforcement forms long-term appetitive memory that lasts 
for days. Appetitive LTM has some mechanistic similarity to aversive LTM in that it can 
be disrupted by cycloheximide, the dCreb2-b transcriptional repressor, and the crammer 
and tequila LTM-specific mutations. However, appetitive LTM is completely disrupted 
by the radish mutation that apparently represents a distinct mechanistic phase of 
consolidated aversive memory. Furthermore, appetitive LTM requires activity in the 
dorsal paired medial neuron and mushroom body α′ β′ neuron circuit during the first hour 
after training and mushroom body αβ neuron output during retrieval, suggesting that 
appetitive middle-term memory and LTM are mechanistically linked. Last, experiments 
feeding and/or starving flies after training reveals a critical motivational drive that 
enables appetitive LTM retrieval. 
Studies in humans and several animal models have demonstrated that multiple 
training trials with rest intervals (spaced training) is most effective in producing long-
term memory (LTM) (Ebbinghaus, 1885; Carew et al., 1972; Frost et al., 1985; Tully et 
al., 1994). A single trial, or even multiple training trials without rest intervals (massed 
training), usually only forms robust short-term memory (STM). However, there are some 
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notable exceptions that indicate that spaced training is not always essential to form LTM. 
In conditioned taste aversion learning in rodents (and pond snails), a single exposure of a 
tastant, followed by malaise (or salt exposure), leads to a long-lasting avoidance of the 
associated taste (Garcia et al., 1955; Sugai et al., 2007). Similarly, in the passive 
avoidance task in chicks, one peck at a bitter-tasting colored bead leads to avoidance of a 
bead of that color for days (Lossner and Rose, 1983). Long-lasting memories formed by a 
single trial can also be appetitive. In rodents, LTM for taste preference can be formed if 
presentation of a tastant is followed by an injection of a nutritional supplement (Garcia et 
al., 1967). Furthermore, a single trial of conditioning pairing odorant/tastant and sucrose 
in the pond snail forms an appetitive LTM for that odorant/tastant (Fulton et al., 2005). 
Last, a single trial of appetitive conditioning forms a protein synthesis-independent long 
lasting memory in honeybees (Menzel, 2001). The common factor in these five cases is 
the involvement of gustation and feeding behavior suggesting that fast acquisition of 
stable memory may be a conserved feature of feeding-related learning. 
In Drosophila, formation of aversive LTM requires 5–10 spaced training trials, 
pairing odor with punitive shock, with 15 min rest intervals (Tully et al., 1994). Flies can 
also be trained with odor and a more ethologically relevant sucrose reward (Tempel et al., 
1983; Schwaerzel et al., 2003, 2007; Keene et al., 2006; Kim et  al., 2007), and even in 
the first report, it was noted that memory after two trials of appetitive conditioning 
persisted longer than that after two trials of aversive conditioning (Tempel et al., 1983). 
We therefore sought to determine whether appetitive olfactory conditioning could form 
LTM and whether appetitive LTM formation shared rules and mechanisms with that of 
aversive LTM. There are a number of reasons to favor an appetitive protocol. First, sugar 
132 
is a salient stimulus to the fly because it represents food. Second, the gustatory receptors 
that sense sucrose (Dahanukar et al., 2007; Jiao et al., 2007; Slone et al., 2007), and the 
receptor neurons that express these receptors (Thorne et al., 2004; Wang et al., 2004; 
Marella et al., 2006), are well described giving us instant access to unconditioned 
stimulus processing and the neural circuits delivering that information to deeper layers of 
the brain. Last, appetitive memory formation and retrieval requires motivation because 
only hungry flies display learned behavior (Tempel et al., 1983; present study). 
  
IV.B. Materials and Methods 
 Flies: Fly stocks were raised on standard cornmeal food at 25°C and 60% relative 
humidity. The wild-type Drosophila strain used in this study was Canton-S. The flies 
harboring the heat-shock-inducible hs-dCreb2-b repressor transgene are those described 
as 17-2 (Yin et al., 1994). Flies harboring the uas-dCreb2-b repressor transgene on the 
second chromosome were described previously (Yu et al., 2006). We expressed dCreb2-b 
in the mushroom bodies (MBs) by crossing female flies harboring the uas-dCreb2-b 
repressor transgene to male flies containing the c739- GAL4, c772-GAL4, and MB247-
GAL4 driver insertions (Zars et al., 2000; McGuire et al., 2001). All resultant c739-
GAL4;uas-dCreb2-b, c772- GAL4/uas-dCreb2-b, and uas-dCreb2-b;MB247-GAL4 flies 
are heterozygous for each transgene. Heterozygote control uas-dCreb2-b/+, c739/+, c772/ 
, and MB247/ flies were generated by crossing wild-type female flies to uas-dCreb2-b, 
c739, c772, and MB247 male flies. Mutant radish (rsh), crammer (cerP), and tequila 
(teqf01792) strains are those described previously (Folkers et al., 1993; Comas et al., 2004; 
Didelot et al., 2006). We used flies carrying a single insertion of the uas-shits1 transgene 
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(Kitamoto, 2001) on the third chromosome. We previously described the dorsal paired 
medial (DPM) neuron-expressing c316-GAL4 (Waddell et al., 2000) and Mz717-GAL4 
(Keene et al., 2004) drivers. The c739-GAL4 that expresses in the MB lobes and the 
c305a-GAL4 line that primarily expresses in the MB lobes were described previously 
(McGuire et al., 2001; Krashes et al., 2007). The c547, Ruslan, and Feb170 GAL4 lines 
that express in ellipsoid body (EB) ring neurons were described previously (Renn et al., 
1999;Wuet al., 2007). We generated c305a-GAL4; uas-shits1, c739-GAL4; uas-shits1, 
c316-GAL4 uas-shits1, Mz717-GAL4/ uas-shits1, c547-GAL4; uas-shits1, Ruslan-GAL4; 
uas-shits1, and Feb170-GAL4;uasshi ts1 flies by crossing uas-shits1 females to c305a, 
c739, c316, Mz717, c547, Ruslan, and Feb170 male flies. Heterozygote control uas-
shits1/+, c305a/+, c739/+, c316/+, Mz717/+, c547/+, Ruslan/+, and Feb170/+ flies were 
generated by crossing wild-type females to uas-shits1, c305a, c739, c316, Mz717, c547, 
Ruslan, and Feb170 male flies. All flies tested are heterozygote for the listed transgenes, 
and a mixed population of sexes were assayed, except for Feb170-GAL4; uas-shits1, in 
which only females were tested because Feb170 is on the X-chromosome. 
 
Cycloheximide feeding: Wild-type flies were food deprived at 25°C for 16 h in 
milk bottles containing one 10 X 6 cm Whatmann 3MM filter paper soaked with 3% 
ethanol solution or 35 mM cycloheximide (CXM) in 3% ethanol. Flies were then 
transferred to milk bottles containing one 10 X 6 cm Whatmann3MMfilter paper soaked 
with water and given 1 h to recover before training. Previous experiments determined that 
a 12–15 h CXM exposure before olfactory conditioning attenuates 24 h memory 
performance after an aversive spaced training protocol (Tully et al., 1994). 
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Heat-shock protocol: We induced expression of the hs-dCreb2-b transgene with 
heat shock using a variation of the previously published protocol (Yin et al., 1994). After 
14–16 h of food deprivation, flies were transferred to 37°C preheated milk bottles and 
incubated in a 37°C incubator for 30 min. Flies were then transferred back to milk bottles 
at room temperature containing one 8 X 3 cm Whatmann 3MM filter paper soaked with 
water and given 2 h to recover before training. 
 
Cold-shock anesthesia protocol: Cold-shock anesthesia was delivered as 
described previously (Folkers et al., 1993). Briefly, flies were transferred to prechilled 
plastic vials 1 h before, immediately after, 2 h after, or 12 h after training, and the vials 
were put in a 4°C ice bucket for 2 min. Locomotor activity ceased immediately. Flies 
were allowed to recover by transferring them to room temperature vials containing a 
water-dampened filter paper. They started moving within 30 s and were stored at 25°C 
until testing. 
 
Behavioral analyses: The olfactory appetitive conditioning paradigm was 
performed as described previously (Keene et al., 2006; Krashes et al., 2007). Flies were 
food deprived for 16–20 h before conditioning in milk bottles containing a 10 X 6 cm 
Whatmann 3MM filter paper soaked with water. The training tube [positive conditioned 
stimulus (CS)] contains a filter paper with dried sucrose that covers the entire wall of the 
training tube. The filter paper was made by applying a saturated sucrose solution and 
allowing it to dry before use. Another tube (CS-) was prepared with a filter paper that 
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was soaked in water (and allowed to dry). Conditioning was performed as follows: 100 
starved flies were loaded into the elevator section of a T-maze. Flies were transferred to 
the CS tube, and odor was delivered for 2 min. After 30 s of clean air stream, they were 
transferred back into the elevator and then into the (CS+) tube containing sugar 
reinforcement in the presence of another odor for 2 min. Memory was tested at stated 
times after training. Except in Figure IV-7, flies were stored in empty vials containing 
only a water-dampened filter paper between training and testing. The performance index 
(PI) is calculated as the number of flies running toward the conditioned odor minus the 
number of flies running toward the unconditioned odor, divided by the total number of 
flies in the experiment. A single PI value is the average score from two groups of flies of 
the identical genotype trained with the reciprocal CS /CS odor combination (3-octanol or 
4-methylcyclohexanol). To reduce variation between experiments, all genotypes were 
tested in parallel in each experimental session.  
We previously determined that the c316/+, c316-GAL4/ uas-shits1, Mz717/+, and 
Mz717- GAL4/ uas-shits1 flies have normal odor and sucrose acuity (Waddell et al., 2000; 
Keene et al., 2004, 2006) and c305a/+, c305a-GAL4; uas-shits1, c739/+, and c739-GAL4; 
uas-shits1 flies have normal odor acuity (Krashes et al., 2007). CXM feeding and 
manipulation of rsh, cerP, teqf01792, and hs-dCreb2-b (with and without heat shock) has 
previously been determined to have no adverse effect on odor acuity (Folkers et al., 1993; 
Yin et al., 1994; Comas et al., 2004; Didelot et al., 2006). We tested the sucrose acuity of 
the remaining stocks (Table VI-1) using a previously reported method (Keene et al., 
2006). We assayed fast phototaxis in a countercurrent apparatus (Benzer, 1967) using a 
simplified protocol of that described. Flies were knocked down into the start tube, the 
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machine was laid flat on the table, and flies were given 30 s to run toward the light. Flies 
were then trapped and counted. The phototaxis index is the percentage of flies in the tube 
nearest the light. We similarly assayed negative geotaxis, except the countercurrent 
apparatus was positioned vertically. The geotaxis index is the percentage of flies in the 
top tube after 30 s. Statistical analyses were performed using KaleidaGraph (Synergy 
Software, Reading, PA). Overall, ANOVAs were followed by planned pairwise 
comparisons between the relevant groups with a Tukey’s honestly significant difference 
post hoc test. Unless stated otherwise, all olfactory conditioning experiments are n ≥ 8. 
 
IV.C. Results 
Persistent memory after a single session of appetitive conditioning 
 Formation of aversive olfactory LTM in Drosophila requires 5–10 sessions of 
associative conditioning with 15 min rest intervals between training bouts (spaced 
training) (Tully et al., 1994). The requirement for spaced training has been suggested to 
reflect the presence of a mechanistic threshold for LTM induction (Yin et al., 1994; 
Isabel et al., 2004) because a single training session, or even 10 training sessions, with no 
rest (massed training) does not form LTM (Tully et al., 1994). 
Two reports of appetitive conditioning in Drosophila using a two-trial massed 
procedure observed measurable levels of memory up to 24 h after training (Tempel et al., 
1983; Schwaerzel et al., 2007), and we previously determined that flies trained with a 2 
min odor exposure paired with sucrose revealed robust memory performance up to 6 h 
(Keene et al., 2006; Krashes et al., 2007). We therefore further investigated the 
perdurance of appetitive memory following our previously described single conditioning 
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session protocol. 
Briefly, flies starved for 16–20 h were exposed to one odor without sugar 
reinforcement for 2 min, followed by another odor with sugar reinforcement for 2 min. 
Flies were then transferred to empty food vials (with a damp filter paper) and stored until 
testing. To test memory, flies were transported to a choice point in a T-maze where they 
were given 2 min to choose between the two odors experienced during training. We 
tested appetitive olfactory memory 1, 3, 6, 9, 12, 24, 27, 30, 33, and 36 h after training. 
To our surprise, we found no significant decline in memory performance across this time 
period (Fig. IV-1). We reasoned that this robust 24 h memory after a single session of 
appetitive conditioning might be LTM. To test this, and to make as true a comparison as 
possible to previously described aversive LTM, we used a collection of the tools and 
protocols that were used in the defining studies (Tully et al., 1994; Yin et al., 1994). 
 
A single appetitive training session forms memory that requires new protein 
synthesis 
A hallmark of LTM in all organisms is a requirement for new protein synthesis 
after training (McGaugh, 1966; Daniels, 1971; Jaffe, 1980; Davis and Squire, 1984; 
Mizumori et al., 1985; Montarolo et al., 1986; Rose and Jork, 1987; Castellucci et al., 
1989; Tully et al., 1994; Schafe and LeDoux, 2000). The classic method to assess a role 
for new protein synthesis in memory is to feed animals the protein synthesis inhibitor 
CXM before or after training. A CXM feeding regimen was established in Drosophila 
that results in an ~50% decrease in overall protein synthesis (Tully et al., 1994), and this 
protocol has subsequently been used by several groups (Ge et al., 2004; Mery and 
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Kawecki, 2005; Yu et al., 2006). However, our appetitive conditioning protocol requires 
that the flies are food deprived before training, and therefore we could not administer 
CXM in a glucose solution without compromising acquisition (data not shown). We 
therefore administered 35 mM CXM in a 3% ethanol solution to the flies during the 
period of food deprivation before training. Following this protocol, we trained CXM-fed 
flies (and flies only fed 3% ethanol) and tested them for memory at several time points 
after training. We observed a striking time-dependent decline in memory performance 
after CXM feeding, consistent with the notion that long-lasting appetitive odor memory 
requires new protein synthesis (Fig. IV-2). 
CXM feeding did not significantly affect memory before 6 h after training, similar 
to memory formed after aversive conditioning (Tully et al., 1994). Three-hour memory 
performance, often referred to as middle-term memory (MTM), of CXM-fed flies was 
comparable to that of flies food deprived on vehicle alone ( p > 0.1). However, memory 
tested 6, 12, or 24 h after training revealed a significant difference between the CXM and 
vehicle groups (all p < 0.002), suggesting that a protein synthesis-dependent memory 
phase partly guides behavior at that time. Previous work demonstrated that 1 day 
memory after massed training was unaffected by CXM administration (Tully et al., 
1994), suggesting the CXM-treated flies are healthy 24 h after training and that they have 
adequate acuity and agility to perform in the memory assay. However, because drug 
administration is a relatively crude approach, it was important that we similarly 
demonstrate a specific effect on appetitive LTM. Furthermore, whereas flies were stored 
on food before and after electric-shock training (Tully et al., 1994), the flies in our 
appetitive assay are subjected to long periods of starvation before and after training. It 
139 
was therefore conceivable that the observed decline in performance after CXM treatment 
was simply a result of a time-dependent decrease in health that was exacerbated by 
starvation. We therefore performed a control experiment to rule out this potential 
explanation.  
We food deprived flies for 16–20 h in the presence of CXM or vehicle alone, and 
instead of training the flies, we transferred them to vials with a sucrose-impregnated filter 
paper for 2 min. We reasoned this would emulate the sucrose exposure they normally 
receive in the training session. Flies were then transferred to vials containing a damp 
filter paper and stored for 24 h. At that time, flies were conditioned and tested for 1 h 
memory. One-hour memory performance of CXM-fed flies (0.33 ± 0.03) was comparable 
(n = 8; p > 0.6) to those fed vehicle alone (0.31 ± 0.03). Therefore, the combination of 
CXM administration and prolonged food deprivation does not generally compromise 
learning and memory performance 25 h after CXM feeding. Furthermore, CXM feeding 
did not affect sucrose acuity (Table IV-1) or odor acuity.  
Therefore, these data demonstrate that one appetitive olfactory conditioning 
session forms bona fide LTM that is dependent on new protein synthesis, implying a 
clear difference in the requirements to induce appetitive and aversive olfactory LTM in 
Drosophila. 
Appetitive LTM depends on the action of cAMP response element-binding protein 
in the MBs 
The transcription factor cAMP response element-binding protein (CREB) is 
universally required for LTM, and it is widely believed that the requirement for new 
protein synthesis after training is, at least in part, a reflection of a need to translate 
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transcripts from CREB-induced genes (Yin et al., 1994; Lonze and Ginty, 2002; Barco et 
al., 2003). A dominant-negative dCreb2-b repressor transgene driven by the heat-shock 
promoter (hs-dCreb2-b) has been reported to produce a heat-shock-dependent decrement 
of LTM formation (Yin et al., 1994; Perazzona et al., 2004). Inducing dCreb2-b with a 30 
min heat shock 3 h before training specifically disrupted aversive LTM (Yin et al., 1994; 
Perazzona et al., 2004). We therefore tested whether induction of the dCreb2-b transgene 
also impaired appetitive LTM after a single training session. 
We induced the dCreb2-b transgene by heat shocking food-deprived flies at 37°C 
for 30 min. We then allowed the flies to recover and express the transgene for 2 h before 
training. We subsequently trained the flies and measured their memory 24 h later. 
Induction of the dCreb2-b transgene severely disrupted 24 h appetitive memory. 
Performance of hs-dCreb2-b flies with heat shock was statistically different from hs-
dCreb2-b flies without heat shock, wild-type flies with heat shock, and wild-type flies 
without heat shock (Fig. IV-3A) (all p < 0.006). Furthermore, the performance of hs-
dCreb2-b flies without heat shock was not statistically different from that of wild-type 
flies with and without heat shock (p > 0.9 and p > 0.4, respectively), suggesting that any 
residual dCreb2-b expression from the uninduced transgene did not disrupt appetitive 
LTM. 
dCreb2-b induction specifically disrupted LTM after multiple spaced trials of 
aversive conditioning and leaves both MTM and anesthesia-resistant memory (ARM) 
unaffected (Yin et al., 1994). We therefore tested whether dCreb2-b expression 
specifically affected appetitive LTM by assaying appetitive MTM 3 h after training. 
Three-hour appetitive memory performance of flies with induced dCreb2-b expression 
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was comparable to all other groups tested: hs-dCreb2-b flies without heat shock and 
wild-type flies with and without heat shock (Fig. IV-3B) (all p > 0.06). These data 
therefore demonstrate that formation of appetitive LTM after a single appetitive training 
session requires the acute action of CREB-dependent transcription. 
Although controlling dCreb2-b expression with the heat-shock promoter allows 
fine temporal control, it does not provide any tissue specificity. Therefore, to compensate 
for this limitation, we also used the GAL4/UAS system to restrict expression of the 
dCreb2-b repressor to the MBs. We combined a uas-dCreb2-b transgene (Yu et al., 2006) 
with three different MB drivers: c739-GAL4 (McGuire et al., 2001), c772-GAL4, and 
MB247-GAL4 (Zars et al., 2000). These drivers all express GAL4 strongly in the MB αβ 
neurons, whereas in addition, MB247 expresses GAL4 in the γneurons and c772 also 
expresses in γ and a few α′ β′ neurons (Krashes et al., 2007). Similar to our results with 
the hs-dCreb2-b repressor, flies expressing uas-dCreb2-b in the MBs exhibited 
significantly reduced appetitive LTM measured 24 h after a single training session. 
Memory of c739/uas-dCreb2-b, c772/uas-dCreb2-b, and uas-dCreb2-b;MB247 flies was 
statistically different from wild-type flies and flies that are heterozygous for the single 
transgenes alone: uas-dCreb2-b/+, c739/+, c772/+, and MB247/+ (Fig. IV-3C) (all p < 
0.03). 
The GAL4 approach expresses the uas-dCreb2-b repressor throughout the 
development of the flies. We therefore verified that this manipulation did not affect 
earlier phases of appetitive memory after a single training session. MTM measured 3 h 
after training revealed no statistical differences between all groups of flies tested: wild-
type, uas-dCreb2-b/+, c739/uas-dCreb2-b, c772/uas-dCreb2-b, us-dCreb2-b;MB247, 
142 
c739/+, c772/+, and MB247/+ flies (Fig. IV-3D) (all p > 0.3). Furthermore, all groups 
tested exhibited comparable odor and sucrose acuity to that of wild-type flies (Table VI-
1). 
Therefore, these data combining two approaches with either temporal or spatial 
control suggest that appetitive LTM, but not MTM, formed by a single training session 
requires the function of dCreb in the MBs. These data are consistent with findings for 
aversive LTM after spaced training (Yin et al., 1994; Perazzona et al., 2004; Yu et al., 
2006). 
 
Appetitive LTM is rapidly consolidated within 2 hours after training and requires 
radish 
The period of active memory consolidation in insects can be revealed by its 
sensitivity to cold-shock anesthesia (Erber, 1976; Quinn and Dudai, 1976; Tully et al., 
1994). We therefore constructed a profile of memory consolidation after appetitive 
conditioning by assaying the effect on 24 h LTM of cold-shock anesthesia administered 
at different times before and after training. Flies were anesthetized by transferring them 
to prechilled vials and plunging them into a 4°C ice bath for 2 min. This induces a rapid 
anesthesia that is reversed a few minutes after returning flies to 25°C. LTM was severely 
reduced if cold shock was administered immediately after training but was unaffected if 
flies were anesthetized 1 h before training or 2 or 12 h after training. LTM performance 
of flies anesthetized immediately after training was significantly different from that of 
untreated flies ( p < 0.006) and those anesthetized 1 h before training ( p < 0.05), as well 
as those anesthetized 2 or 12 h after training ( p < 0.03 and p < 0.001, respectively) (Fig. 
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IV-4A). Furthermore, LTM performance of flies anesthetized 1 h before training, or 2 or 
12 h after training, was comparable to LTM of untreated flies (all p > 0.8). These data 
suggest that appetitive memory formed by our single 2 min training protocol is 
consolidated to the anesthesia-resistant form(s) within 2 h after training. 
The published literature for aversive olfactory memory in Drosophila supports the 
existence of two forms of consolidated memory. Single and massed trials of aversive 
conditioning form ARM (Tully et al., 1994) that depends on the function of a wild-type 
radish gene (Folkers et al., 1993; Folkers et al., 2006). In contrast, spaced training forms 
both ARM and protein synthesis-dependent LTM (Tully et al., 1994), although it is 
debated whether LTM and ARM exist in parallel or are mutually exclusive (Tully et al., 
1994; Isabel et al., 2004). Because formation of appetitive LTM does not require spaced 
interval training, we investigated the involvement of rsh in appetitive LTM after a single 
training session. 
We trained wild-type and rsh mutant flies (Folkers et al., 1993) and tested them 
for 24 h LTM. Surprisingly, appetitive LTM was abolished in rsh mutant flies, suggesting 
that both ARM and protein synthesis-dependent components depend on rsh function (Fig. 
IV-4B). Performance of rsh mutant flies was statistically different from wild-type flies ( p 
< 0.0001). We also tested 3 h appetitive MTM performance of rsh mutant flies. MTM 
performance of rsh flies was statistically different from and approximately half that of 
wild-type flies (p < 0.01) (Fig. IV-4C), similar to that observed with aversive MTM 
(Folkers et al., 1993, 2006). These data are consistent with a published report that 3 h 
appetitive MTM is disrupted after a 1 min cold-shock anesthesia administered 30 min 
before testing (Schwaerzel et al., 2007). 
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Taken with previously published work, these data suggest that a single appetitive 
training session forms both anesthesia-sensitive memory, rsh-dependent consolidated 
memory, and protein synthesis-dependent LTM. Furthermore, the finding that LTM is 
absent in rsh mutants suggests that rsh is required for appetitive LTM, questioning the 
proposed mechanistic independence of ARM and LTM (Tully et al., 1994; Isabel et al., 
2004). 
 
The crammer and tequila LTM-specific mutants disrupt appetitive LTM 
Our unexpected finding that the rsh mutation abolished appetitive LTM after a 
single training session led us to question the role of the crammer (cer) and tequila (teq) 
genes that have both been reported to specifically disrupt protein synthesis-dependent 
aversive LTM (Comas et al., 2004; Didelot et al., 2006). The cer gene encodes an 
inhibitor of the cathepsin subfamily of cysteine protease and is expressed in MB neurons 
and surrounding glial cells (Comas et al., 2004), whereas teq encodes a Drosophila 
ortholog of neurotrypsin serine protease [although this has been debated (Sonderegger 
and Patthy, 2007)] and its expression increases transiently after spaced training (Didelot 
et al., 2006). 
We tested appetitive LTM performance of mutant flies carrying hypomorphic 
transposable element insertions in the cer (cerP) and teq (teqf01792) genes (Comas et al., 
2004; Didelot et al., 2006). Appetitive LTM measured 24 h after training was severely 
disrupted in both cerP and teqf01792 flies. Performance of cerP and teqf01792 mutant flies 
was statistically different from wild-type flies (both p < 0.0002) (Fig. IV-4B). To verify 
that the mutant defect was specific to LTM, we also assayed the cerP and teqf01792 mutant 
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flies for MTM 3 h after training. MTM performance of cerP and teqf01792 mutant flies was 
comparable to that of wild-type flies (both p > 0.8) (Fig. IV-4C), suggesting that a single 
training session induces MTM but not LTM in cerP and teqf01792 mutant flies. 
Therefore, the LTM-specific cerP and teqf01792 mutant flies provide independent 
evidence that a single appetitive training session forms protein synthesis-dependent LTM 
with some mechanistic similarity to aversive LTM that can only be formed by multiple 
spaced training trials. 
 
DPM neurons and MB α′ β′ neurons are critical for formation of appetitive LTM 
 We previously demonstrated that neurotransmission from both DPM neurons and 
MB α′ β′ neurons is critical during the first 30–60 min after training for stable 3 h 
appetitive MTM (Keene et al., 2006; Krashes et al., 2007), whereas output from MB αβ 
neurons is required for appetitive MTM retrieval (Schwaerzel et al., 2003; Krashes et al., 
2007). Because our experiments demonstrate that cold-shock anesthesia within the first 
few minutes after training severely disrupts appetitive memory (Fig. IV-4A), we tested 
for a role of DPM neurons and MB α′ β′ neurons during this time window in appetitive 
LTM. For these experiments, we used neuron-specific expression of the dominant 
temperature-sensitive shibirets1 (shits1) transgene (Kitamoto, 2001). shits1 blocks dynamin-
dependent membrane recycling and thereby synaptic vesicle release at the restrictive 
temperature of 31°C, and this blockade is reversible by returning flies to the permissive 
temperature of 25°C. 
We used the c316-GAL4 and Mz717-GAL4 lines to test the role of DPM neurons 
(Waddell et al., 2000; Keene et al., 2004), the c305a-GAL4 line to test the role of MB α′ 
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β′ neurons (Krashes et al., 2007), and the c739-GAL4 line to test for the role of MB αβ 
neurons (McGuire et al., 2001; Krashes et al., 2007) in appetitive LTM. At 25°C, 
appetitive LTM performance of wild-type, uas-shits1, c316/+, c316/uas- shits1, Mz717/+, 
Mz717/uas- shits1, c305a/+, c305a; uas-shits1, c739/+, and c739;uas-shits1flies was 
comparable across groups (all p > 0.9) (Fig. IV-5A). We therefore tested whether DPM, 
MB α′ β′, and MB αβ neuron output was required during the first hour after training (Fig. 
IV-5B). Flies were trained at the permissive temperature and shifted immediately after 
training to the restrictive temperature for 60 min, blocking DPM, MB α′ β′, and MB αβ 
neurotransmission. The flies were then stored at the permissive temperature and tested for 
memory performance 23 h later. DPM and MB α′ β′ neuron manipulation severely 
impaired LTM, but blocking MB αβ neurons did not (Fig. IV-5B). Memory of c316/uas-
shits1, Mz717/uas-shits1 and c305a; uas-shits1 flies was statistically different from wild-
type, uas- shits1, and c739; uas-shits1 flies (all p < 0.03), whereas memory of c739; uas-
shits1 flies was comparable to that of wild-type and uas-shits1 flies (both p > 0.9). These 
data suggest that output from both DPM and MB α′ β′ neurons is required during the first 
hour after training for appetitive LTM, whereas MB αβ neuron output is dispensable. 
MB αβ neuron output is required for retrieval of aversive odor memory after a 
single training trial (Dubnau et al., 2001; McGuire et al., 2001; Krashes et al., 2007), for 
appetitive odor memory after two trials (Schwaerzel et al., 2003), and for aversive 
memory after spaced training (Isabel et al., 2004). We therefore tested the role of DPM, 
MB α′ β′, and MB αβ neuron output during appetitive LTM retrieval. We trained flies at 
the permissive temperature and stored them at the permissive temperature for 24 h. At 
this time point, we blocked DPM, MB α′ β′ neuron, or MB αβ neuron output by shifting 
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the flies to the restrictive temperature and tested them for 24 h LTM. Strikingly, this 
manipulation severely impaired memory if αβ neuron output was blocked but did not 
affect performance if DPM or MB α′ β′ neurons were blocked (Fig. IV-5C). Memory of 
c739; uas-shits1 flies was statistically different from wild-type, uas-shits1, c316/uas-shits1, 
Mz717/uas-shits1, and c305a;uas-shits1 flies (all p < 0.01), whereas the performance of 
c316/uas-shits1, Mz717/uas-shits1, and c305a; uas-shits1 flies was comparable to that of 
wild-type and uas-shits1 flies (all p > 0.08). 
Therefore, the fly processes appetitive LTM using the same parallel and 
sequential neural circuit mechanism that it uses to process MTM (Krashes et al., 2007). 
MB α′ β′ neurons and DPM neurons are transiently required within the first hour after 
training to consolidate appetitive LTM, and output from αβ neurons is exclusively 
required to retrieve LTM. These data, taken with our previous work, indicate that 
appetitive LTM is mechanistically linked to appetitive MTM (Keene et al., 2006; Krashes 
et al., 2007). 
 
Evidence against a role for EB ring neurons in LTM retrieval 
A plausible caveat of the c739 driver line is that, in addition to strongly 
expressing in MB αβ neurons, it expresses in a specific subset of EB ring neurons in the 
central complex (Hanesch et al., 1989; Renn et al., 1999; Wu et al., 2007). Wu et al. 
(2007) proposed that aversive LTM consolidation involved “transfer” from MB to the 
ring neurons in the EB. Using the Feb170 driver line, they concluded that transmission 
from EB neurons was required to retrieve aversive LTM. We therefore tested for a role of 
Feb170 EB neurons in appetitive LTM retrieval. We assayed Ruslan-GAL4 (Dubnau et 
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al., 2003; Wu et al., 2007) and c547 (Renn et al., 1999) that also express in EB neurons, 
in parallel for comparison (Fig. IV-6). We first noticed that the majority of Feb170; uas-
shits1 flies died during starvation. Furthermore, on shifting to the restrictive temperature, 
surviving Feb170; uas-shits1 and c547; uas-shits1 flies exhibited reduced mobility, 
consistent with a previous study describing a role for the central complex in locomotion 
(Strauss and Heisenberg, 1993). Therefore, although appetitive LTM performance of 
Feb170; uas-shits1 flies and c547; uas-shits1 flies was significantly impaired, this is 
confounded by poor locomotor activity. Indeed, additional testing revealed that fed 
Feb170; uas-shits1 and c547; uas-shits1 flies failed olfactory acuity (Table VI-1), fast 
phototaxis (Fig. IV-6E) and geotaxis (Fig. IV-6F) tests that require locomotor 
competence at the restrictive temperature (29–31°C). In contrast, Ruslan; uas-shits1 flies 
had normal locomotor behavior and appetitive LTM retrieval. Although these lines may 
inactivate different subsets of EB neurons (Hanesch et al., 1989; Renn et al., 1999), these 
data challenge the utility of the Feb170 line for memory analysis and question the 
proposed role for the EB in LTM retrieval. 
 
Extension of the LTM assay: satiety state regulates memory retrieval 
It is necessary to food deprive flies before and after appetitive learning for them to 
display appetitive memory. This critical hunger drive is of great interest, but it imposes 
an obvious limitation on the appetitive LTM assay because starving flies for more than 2 
days compromises viability. In our experiments described here, the flies that were tested 
for 36 h memory (Fig. IV-1) were starved for 16–20 h before training and up to 36 h after 
training. Beyond 36 h, a significant number of flies died, presumably of starvation. We 
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therefore investigated whether we could extend the utility of the assay by feeding and re-
starving flies after training (Fig. IV-7). We food deprived two groups of flies for 16–20 h, 
trained them both using the standard protocol, and put them both into food vials for 24 h. 
One group was allowed to feed for an additional 24 h (group A), whereas the other was 
food deprived for 24 h (group B). We subsequently assayed the flies in groups A and B in 
parallel for 48 h appetitive memory (Fig. IV-7A). Strikingly, flies in group A that had 
been fed ad libitum between training and testing displayed little memory performance 
(0.08 ± 0.03), whereas those that had been re-starved in group B exhibited robust 
memory performance (0.25 ± 0.03) (Fig. IV-7B). The appetitive LTM performance of 
group A flies was significantly different from that of the group B ( p < 0.005). These data 
therefore demonstrate that feeding to satiety suppresses memory retrieval and that this 
suppression can be reversed by subsequently re-starving the flies before testing. 
Furthermore, this feeding and re-starving protocol allows one to extend the time period 
that is available to study the mechanisms of appetitive memory. 
 
IV.D. Discussion 
One conditioning session forms appetitive LTM 
A single 2 min training session pairing odor with sucrose forms appetitive 
memory that lasts for days. We cautiously use the term “session” rather than “trial” 
because, although the conditioned odor stimulus is continuously presented for 2 min, we 
do not know how often the flies sample the sugar unconditioned stimulus. One session of 
the established aversive training paradigm presents 12 shocks at 5 s intervals overlapping 
with 1-min-long odor exposure (Tully and Quinn, 1985), and therefore neither protocol is 
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strictly “single-trial” learning. Nevertheless, our results present a profound difference 
between the training protocol requirements to form aversive and appetitive LTM in flies. 
Formation of aversive LTM requires 5–10 training sessions with rest intervals (Tully et 
al., 1994), whereas a single 2 min session is sufficient to form robust protein synthesis-
dependent appetitive LTM. Appetitive LTM is disrupted by CXM feeding, inhibition of 
CREB-dependent transcription (Tully et al., 1994; Yin et al., 1994), and the crammer 
(Comas et al., 2004) and tequila (Didelot et al., 2006) genes, which suggests that it is 
bona fide LTM. Furthermore, these data indicate some mechanistic parallel between 
aversive and appetitive LTM. 
Appetitive conditioning forms more distributed memory traces in the brain (Thum 
et al., 2007) and more efficiently forms LTM than aversive conditioning. We speculate 
that these properties of appetitive memory result from the ethological relevance of 
feeding and the salience of sucrose reinforcement. Furthermore, the salience is likely to 
be enhanced in hungry flies because they are motivated to seek food. There are a few 
other reports of single-trial training forming LTM. With the notable exception of fear 
conditioning in rodents (Fanselow, 1980), most involve feeding behavior and the 
gustatory pathway. In conditioned taste aversion experiments, rodents develop a long-
lasting avoidance of a novel tastant after a single exposure of the tastant and delayed 
drug-induced malaise (Garcia et al., 1955). Similarly, pond snails develop long-lasting 
conditioned taste aversion if carrot juice is paired with salt exposure (Sugai et al., 2007), 
and 1-d-old chicks develop LTM to avoid pecking a colored bead if that bead was tainted 
with a bitter tasting compound when first presented (Lossner and Rose, 1983). There are 
also examples in which single-trial conditioning forms appetitive LTM. Rats deficient in 
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thiamine can be trained to prefer non-nutritious saccharin-flavored water by pairing it 
with delayed an intramuscular thiamine injection (Garcia et al., 1967). Pond snails form 
appetitive LTM for the odorant/tastant amylacetate after a single trial of appetitive 
conditioning pairing it with sucrose (Fulton et al., 2005). Last, a single trial of appetitive 
conditioning in honeybees forms robust day-long memory that, surprisingly, does not 
require new protein synthesis after training (Menzel, 2001). Therefore, it is possible that 
the innate importance of food-seeking behavior and memory makes it particularly prone 
to fast consolidation to LTM. 
 
Fast consolidation to LTM 
The single training session appetitive LTM assay provides a unique advantage for 
the study of memory consolidation because one can manipulate the brain immediately 
after training during the initial period of memory formation. In contrast, 10 cycles of 
aversive spaced training takes 150 min to complete (Tully et al., 1994), and therefore one 
cannot perturb neural processing during this period without also interfering with 
acquisition. Using cold-shock anesthesia, we found that appetitive memory is quickly, 
and perhaps entirely, consolidated to anesthesia-resistant forms within 2 h after training. 
Previous work in flies suggests that cold shock-resistant memory can be broken 
into two independent components, ARM that depends on the rsh gene and is resistant to 
CXM and LTM that is unaffected by rsh and is sensitive to CXM (Tully et al., 1994; 
Isabel et al., 2004). Feeding flies CXM disrupted appetitive LTM and produced a 
statistically significant defect 6 h after training, suggesting that protein synthesis-
dependent LTM guides behavior at that time. Although the effect of CXM feeding is 
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estimated to inhibit only 50% of global protein synthesis (Tully et al., 1994) and has to be 
partial, these data are consistent with the notion that consolidated memory before 6 h 
might be ARM. However, whereas aversive LTM requires protein synthesis and is not 
affected by rsh (Tully et al., 1994), appetitive LTM requires new protein synthesis and 
rsh, suggesting appetitive LTM and rsh-dependent appetitive memory do not represent 
separable memory phases. This result highlights a potentially major mechanistic 
difference between aversive and appetitive LTM, and that the relationship between ARM 
and LTM is worth revisiting. Unfortunately, the recent cloning of rsh does not provide 
any mechanistic insight because its primary sequence does not contain any known 
functional domains (Folkers et al., 2006). 
Our data reveal a slight discrepancy in the notion that rsh, dCreb-dependent 
transcription and new protein synthesis are all necessary components of appetitive LTM. 
Cold-shock anesthesia indicates that appetitive memory consolidation is nearly complete 
2 h after training and rsh mutant flies display defective performance 3 h after training, but 
neither dCreb2-b nor CXM feeding produced a significant difference in memory 
performance 3 h after training. We speculate that expression of early forms of appetitive 
LTM (E-LTM) depend on rsh and that because radish protein immunolocalized to 
neuropil (Folkers et al., 2006), radish might function in a synaptic tagging process that 
marks the relevant synapses for capture of dCreb2-dependent transcripts. This idea 
provides a plausible reason why radish is required both for E-LTM and for later 
appetitive LTM (L-LTM), whereas dCreb2-b only interferes with L-LTM. Similarly, we 
posit that CXM feeding blocks the translation of mRNAs that are direct and indirect 
targets of CREB and that are necessary for L-LTM. Similar models have been proposed 
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based on work in rodents and Aplysia (Frey and Morris, 1997; Martin et al., 1997; 
Casadio et al., 1999; Barco et al., 2002; Si et al., 2003). 
 
A neural circuit perspective 
We previously determined that stable olfactory memory (MTM) observed 3 h 
after aversive and appetitive training requires the sequential involvement of different MB 
neuron subsets. MB α′ β′ neurons are required during and after training to acquire and 
stabilize memory (Krashes et al., 2007), whereas MB αβ neuron output is only required to 
retrieve the memory (Dubnau et al., 2001; McGuire et al., 2001; Schwaerzel et al., 2003; 
Krashes et al., 2007). Stable aversive and appetitive MTM also requires the action of 
MB-innervating DPM neurons during the first hour after training (Keene et al., 2004, 
2006; Yu et al., 2005; Krashes et al., 2007). Similarly timed manipulation of these 
distinct neural circuit elements strongly impairs appetitive LTM, suggesting a tight 
mechanistic link between appetitive MTM and LTM. 
Finding that consolidation of appetitive memory to a protein synthesis-dependent 
form requires the DPM–MB neural circuitry and that retrieval requires MB αβ neuron 
output is consistent with the idea that consolidated memory is represented in MB αβ 
neurons themselves. Several studies have now reported that MB neuron output is required 
to retrieve olfactory memory (Dubnau et al., 2001; McGuire et al., 2001; Schwaerzel et 
al., 2003; Krashes et al., 2007), and a few have indicated that MB αβ neurons are 
particularly important to retrieve aversive and appetitive MTM (McGuire et al., 2001; 
Krashes et al., 2007) or aversive LTM (Isabel et al., 2004). A recent live-imaging study 
provided additional evidence that consolidated aversive LTM is represented in MB αβ 
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neurons (Yu et al., 2006). Flies that had been space trained with odor and shock exhibited 
enhanced odor-evoked Ca2+ signals in the vertical α branch of MB αβ neurons 9–24 h 
after conditioning. The development of this memory “trace” was disrupted by CXM 
administration, by mutations in the amnesiac gene, and by expressing a transgenic 
dCreb2-b in MB αβ neurons. Furthermore, expression of the dCreb2-b transgene in MB 
αβ neurons also impaired aversive LTM behavior. These data are highly consistent with 
our findings described here for appetitive LTM after a single training session and 
therefore indicate that there are common mechanistic components to aversive and 
appetitive LTM. It is also worth noting that radish is strongly expressed in MB αβ 
neurons (Folkers et al., 2006). Therefore, this collection of findings provides strong 
evidence that consolidated aversive and appetitive LTM involves MB αβ neurons. 
Our results do not support the recently proposed idea that LTM consolidation 
involves transfer from MB to EB (Wu et al., 2007). Although we used an appetitive 
memory assay, we found that Feb170; uas-shits1 flies have a pronounced locomotor defect 
and therefore these flies are not suitable for memory analysis. Furthermore, Ruslan GAL4 
(Wu et al., 2007) and c305a (Krashes et al., 2007) express in EB ring neurons, but 
blocking these neurons does not affect appetitive LTM retrieval. Our data are instead 
consistent with the notion that the transfer of the MB lobe requirement within the first 
few hours after training may be the fly equivalent of systems consolidation. 
 
Motivational control of appetitive memory retrieval 
Our data clearly demonstrate that flies have to be hungry to effectively retrieve 
appetitive memory. Feeding them ad libitum after training suppressed memory 
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performance, but re-starving them restored memory performance. We propose this 
apparent context dependence of appetitive memory retrieval reflects a motivational state 
to seek food and therefore predict it is regulated by neuromodulatory systems that signal 
hunger (Melcher et al., 2007). We know from the work of many groups, as well as from 
personal experience, that hungry animals are in a far different physiological state than 
sated ones, as far as circulating metabolites and hormones that very likely affect neuronal 
activity. For example, although we are constantly aware of the location of our 
refrigerator, we usually do not go there unless we are hungry. However, in certain 
disease-states, such as affective disorders and addiction, motivational control goes awry 
and behavior becomes compulsive. One of our long-term goals is to understand how the 
brain systems encoding memory integrate with the neural networks that determine 
motivation, with a specific focus on feeding networks and how they interact with 
appetitive memory to guide food-seeking behavior at the appropriate time.  
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Figure IV-1. Persistent memory after a single session of appetitive conditioning. 
Wild-type flies were food deprived for 16–20 h and were conditioned with odor and 
sucrose reinforcement (as described in Materials and Methods). After training, they were 
housed in empty vials with water-dampened filter paper until they were tested. Different 
populations were tested once for odor memory 1, 3, 6, 9, 12, 24, 27, 30, 33, and 36 h after 
training. Beyond 36 h, a significant number of animals perished, presumably of 
starvation. However, those that survived displayed robust memory performance. Error 
bars are SEM. All n > 8. 
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Figure IV-2. A single appetitive training session forms memory that requires new 
protein synthesis. Flies were either fed 35 mM CXM in 3% ethanol solution (open 
squares) or 3% ethanol alone (filled diamonds) during a 16 h starvation period before 
training. All flies were then trained, and different populations were tested once for odor 
memory 1, 3, 6, 12, or 24 h later. Error bars are SEM. Asterisks denote a significant 
difference (p < 0.05) at that time point from the performance of the other group. All n > 
8. 
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Figure IV-3. Inducible or region-restricted expression of dCREB2b disrupts 
appetitive LTM but not MTM. (A) and (B) Wild-type flies and flies harboring an hs-
dCreb2-b transgene were either heat shocked (+hs) for 30 min 2 h before training or were 
untreated (–hs). All groups were then trained and tested for 24 h memory (A) or 3 h 
memory (B). Flies harboring hs-dCreb2-b that were heat shocked displayed defective 
LTM compared with all other groups, but MTM was unaffected. (C), Expressing a uas-
dCreb2-b transgene in the MBs with c772, MB247, and c739 GAL4 drivers disrupts 
LTM. Appetitive LTM performance of c772/uas-dCreb2-b, uas-dCreb2-b;MB247, and 
c739/uas-dCreb2-b flies was statistically different from all other groups. (D), Appetitive 
MTM was not affected by expressing a uas-dCreb2-b transgene in the MBs. Error bars 
are SEM. Asterisks denote a significant difference (p < 0.05) from all other unmarked 
groups. 
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Figure IV-4. Appetitive memory is quickly consolidated and is disrupted by 
crammer, tequila, and radish mutation. (A). Appetitive memory becomes resistant to 
disruption by cold-shock anesthesia within 2 h after training. Different populations of 
wild-type flies were subjected to a 2 min cold-shock anesthesia 1 h before, immediately 
after, or 2 or 12 h after training (open diamonds). They were then allowed to recover and 
were tested for 24 h appetitive memory. Only the performance of flies that were 
anesthetized immediately after training differed from that of the other groups and from 
flies that had not been anesthetized (filled square). All n >8. (B). Twenty-four-hour 
appetitive memory is disrupted in crammer, tequila, and radish mutant flies. Twenty-
four-hour memory performance of cer, teq, and rsh mutant flies was statistically different 
from wild-type flies. All n >12. (C). Three-hour appetitive MTM is unaffected by cer and 
teq mutation but is significantly disrupted by rsh mutation. Three-hour memory 
performance of rsh flies was statistically different from that of all other groups. All n 
>11. Error bars are SEM. Asterisks denote a significant difference (p < 0.05) from all 
other unmarked groups. 
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Figure IV-5. Neurotransmission from MB α'β' neurons and DPM neurons is 
required for consolidation of appetitive LTM, whereas transmission from MB αβ 
neurons is only required for retrieval. The temperature shift protocols are shown 
pictographically above each graph. (A). The permissive temperature of 25°C does not 
affect 24 h appetitive LTM of any of the lines used in this study. All genotypes were 
trained and tested for 24 h memory at 25°C. All n >8. (B). Blocking DPM neuron or MB 
α'β' neuron output, but not MB αβ neuron output, for 1 h immediately after training 
severely impairs 24 h appetitive LTM. Flies were trained at 25°C, and immediately after 
training, they were shifted to 31°C for 60 min. Flies were then returned to 25°C and 
stored in empty vials until they were tested for 24 h appetitive LTM at 25°C. All n >11. 
(C). Blocking MB αβ neuron output, but not DPM neuron or MB α'β' neuron output, 
during testing abolishes 24 h appetitive LTM. Flies were trained at 25°C and stored in 
empty vials for 24 h. They were then shifted to 31°C for 15 min before they were tested 
for appetitive LTM. All n >8. Error bars are SEM. Asterisks denote a significant 
difference (p < 0.05) from all other unmarked groups. All flies harbor one copy of the 
uas-shits1 transgene. 
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Figure IV-6. Evidence against a role for EB ring neurons in LTM retrieval. (A-C). 
Projections of the entire midbrain of flies driving a uas-CD8::GFP transgene with the 
c547 (A) Ruslan (B), and Feb170 (C) enhancer trap lines. All lines show clear expression 
in R2/R4 ring neurons in the outer layers of the EB compared with R1/R3 neurons in 
c739 (data not shown). The driver name is listed in the lower left-hand corner of each 
panel. (D). Blocking c547 or Feb170 neurons, but not Ruslan neuron output, for 15 min 
before and during testing impairs 24 h appetitive LTM performance. The temperature 
shift protocol is shown pictographically. All genotypes were trained at 25°C and tested 
for 24 h memory at 31°C. All flies with uas-shits1, n  >8; heterozygous GAL4/+ flies, n  
>4. (E). Blocking c547 or Feb170 neurons, but not Ruslan neurons, impairs phototaxis 
performance. All flies were tested at 31°C. (F). Blocking c547 neurons or Feb170 
neurons impairs negative geotaxis performance. All flies were tested at 31°C. All n  >6. 
Error bars are SEM. Asterisks denote a significant difference (p < 0.05) from all other 
unmarked groups. All flies harbor one copy of the uas-shits1 transgene. 
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Figure IV-7. Experiment to test whether satiation reversibly suppresses memory 
retrieval. (A). Wild-type flies were starved for 16–20 h, trained with a single appetitive 
conditioning session, and were either returned to food vials for 48 h (group A) or for 24 h 
and then subsequently food deprived for the next 24 h (group B). (B). Both groups were 
trained, stored, and tested for 48 h appetitive LTM at 25°C. Error bars are SEM. 
Asterisks denote a significant difference (p < 0.05) from all other unmarked groups. 
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Table IV-1. Olfactory acuity and sucrose acuity for strains used in this study. 
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Chapter V: A neural circuit mechanism integrating motivational state with memory 
expression in Drosophila 
 
V.A. Introduction 
Motivation provides behavior with purpose and intensity and ensures that 
particular motor actions are expressed at the appropriate time. Although the concept of 
motivation has interested psychologists and ethologists for decades (Hull, 1951; Tolman, 
1932; Thorpe, 1956; Bindra, 1959; Hinde, 1966; Lorenz, 1950; Dethier, 1976; Toates, 
1986), a detailed neurobiological perspective of the mechanisms underlying state-
dependent changes in behavior is lacking. Understanding how motivational systems are 
organized in the brain and how they impact neural circuits that direct behavior is a major 
question in neurobiology and addresses the functional connection between body and 
mind. 
Animals must reproduce, defend themselves, and their progeny, and sustain vital 
functions by sleeping, feeding and drinking when necessary. Hunger is perhaps the most 
heavily studied of the regulatory, or homeostatic, motivational drive states because food 
availability is easily manipulated in the laboratory. Hunger results from internally 
generated metabolic deficit signals and these signals in turn, increase the likelihood that 
the animal initiates food-seeking behavior (Dethier, 1976; Saper et al., 2002; Abizaid and 
Horvath, 2008). Models of motivation include learned representations of cues associated 
with food, such as smell and taste, that provide additional incentive and direction to 
locate a particular food source (Hull, 1951; Toates, 1986). When the food is located and 
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consumed, the homeostatic process comes full-circle and the motivational drive to feed is 
neutralized.  
 The insect nervous system provides a useful platform to understand how 
motivated behavior emerges from a relatively simple neural circuit. The idea that 
motivation could be approached experimentally in insects followed seminal studies of 
food-seeking behavior in blowflies (Dethier, 1976). It was noted that although exposing 
gustatory receptor neurons on the fly proboscis to sugar always generated an 
electrophysiological response, the fly did not consistently respond by extending the 
proboscis. Furthermore, the fly was more likely to respond with proboscis extension if it 
had been deprived of food. However, at that time, attempts to train blowflies to seek food 
were unsuccessful and therefore a major element required to satisfy contemporary models 
of motivational systems was missing (it has since been achieved; McGuire, 1984).  
 Fruit flies can be trained to associate odorants with sucrose reward (Tempel et al., 
1983; Schwaerzel et al., 2003; Krashes and Waddell, 2008). Importantly, fruit flies have 
to be food-deprived to effectively express appetitive memory performance. Feeding them 
ad libitum after training suppresses memory performance but subsequently re-starving 
them restores memory performance (Krashes and Waddell, 2008). Therefore motivated 
decision-making and appetitive memory performance emerges in Drosophila when the 
incentive of the conditioned odor, the learned representation of that odor, and the internal 
motivational drive state of hunger are positively integrated. This apparent state-
dependence of appetitive memory performance implies that signals for hunger and satiety 
may interact with memory circuitry to regulate the behavioral expression of food-seeking 
behavior. The mushroom body in the fly brain is a critical site for appetitive olfactory 
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memory (Schwaerzel et al., 2003; Keene et al., 2006; Krashes and Waddell, 2008). Our 
previous work has demonstrated that synaptic output from the α´β´ neurons is required to 
consolidate appetitive memory whereas output from the ab subset is specifically required 
for memory retrieval (Krashes et al., 2007; Krashes and Waddell, 2008). This anatomical 
foundation coupled to the sophisticated genetic tool-kit for manipulating neural activity 
(Keene and Waddell, 2007) makes the fruit fly brain an ideal model for a neural circuit 
understanding of motivational systems. 
Neuropeptide Y (NPY) is a highly conserved 36 amino acid neuromodulator that 
stimulates food-seeking behavior in mammals (Tatemoto et al., 1982; Clark et al., 1984; 
Kalra, 1997). NPY mRNA levels are elevated in neurons in the arcuate nucleus of food-
deprived mice (Sahu et al., 1988; Sanacora et al., 1990) and injection of NPY into the 
paraventricular nucleus of the hypothalamus increases feeding (Stanley and Leibowitz, 
1985). NPY exerts its effects through a family of NPY receptors and appears to have 
inhibitory function (Colmers et al., 1988; Colmers et al., 1991; Klapstein and Colmers, 
1993; Qian et al., 1997; Rhim et al., 1997; Sun et al., 2003; Browning and Travagli, 
2003; Lin et al., 2004). NPY therefore must repress the action of inhibitory pathways in 
order to promote feeding behavior. Drosophila Neuropeptide F is a sequence ortholog of 
mammalian NPY which has a C-terminal amidated phenylalanine (F) instead of the 
amidated tyrosine (Y) in vertebrates (Brown et al., 1999). Various lines of evidence 
suggest that dNPF plays a similar role in appetitive behavior as it does in mammals. 
dNPF overexpression prolongs feeding in Drosophila larvae and delays the 
developmental transition from foraging to pupariation (Wu et al., 2003). Furthermore, 
overexpressing a dNPF receptor gene, npfr1 (Garczynski et al., 2002), caused well-fed 
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larvae to eat bitter quinine-tainted food that wild-type larvae would only consume if they 
were food-deprived (Wu et al., 2005b). Since the willingness of animals to consume 
unpalatable food is a classic measure of motivational drive, this result suggests that dNPF 
regulates motivated feeding in larvae.  
In this study we exploited dNPF to access the neural circuits that participate in 
motivational control of appetitive behavior in adult fruit flies. We show that artificial 
stimulation of dNPF neurons promotes appetitive memory performance in satiated flies, 
and therefore mimics the hungry state. By selectively reducing NPFR1 function in 
different sets of neurons, we identified the relevant downstream circuitry. This analysis 
revealed a bilateral cluster of three dopaminergic mushroom body-medial lobe-
pedunculus (MB-MP) neurons that innervate the mushroom bodies. Directly blocking 
MB-MP neurons during memory testing reveals performance in satiated flies whereas 
stimulating them suppresses performance in hungry flies. These data suggest that MB-
MP neurons are a key module of dNPF-regulated circuitry, through which the internal 
motivational states of hunger and satiety are represented in the mushroom body. 
 
V.B. Materials and Methods 
Fly strains: Fly stocks were raised on standard cornmeal food at 23°C and 60% 
relative humidity. The wild-type Drosophila strain used in this study was Canton-S. The 
dNPF (Wen et al., 2005), c061 (www.flytrap.org), 210Y, c005, 104Y (Liu et al., 2006) , 
OK107 (Connolly et al., 1996) , NP2758 (Tanaka et al., 2008) and krasavietz (Dubnau et 
al., 2003; Shang et al., 2007) GAL4 lines are described. n-synaptobrevin-GAL4 flies 
were a gift from Julie Simpson (HHMI Janelia Farm Research Campus). c061 and 
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krasavietz were combined with the previously described MBGAL80 transgene (Krashes 
et al., 2007). The uas-npfr1RNAi (Wu et al., 2003), uas-dcr2 (Dietzl et al., 2007), 
tshGAL80 (Clyne and Miesenbock, 2008), THGAL80 (Sitaraman et al., 2008), uas-shits1 
(Kitamoto, 2001), uas-dTrpA1 (Hamada et al., 2008) and MB-DsRED (Riemensperger et 
al., 2005) flies are described. THGAL80 was combined with uas-shits1 on the 3rd 
chromosome. To express dTRPA1 in dNPF neurons we crossed uas-dTrpA1 females to 
dNPF-GAL4 male flies. To screen for neurons that required npfr1 we crossed female uas-
npfr1RNAi flies to c061, 210Y, c005, 104Y, OK107, n-syb or n-syb; uas-dcr2 male flies. 
Since c061 is located on the X-chromosome female c061;MBGAL80 flies were crossed 
to uas-shits1 or tshGAL80; uas-shits1 male flies. To generate c061; MBGAL80/THGAL80; 
uas-shits1 flies we crossed c061;MBGAL80 females with THGAL80; uas-shits1 male flies. 
To express uas-shits1 in MB-MP neurons female uas-shits1 flies were crossed to NP2758 or 
MBGAL80; krasavietz male flies. Since NP2758 is on the X-chromosome, only female 
flies were assayed from the NP2758 cross. We expressed dTRPA1 in the MB-MP 
neurons by crossing female uas-dTrpA1 flies to NP2758 or MBGAL80; krasavietz male 
flies. Since NP2758 is on the X-chromosome, only female flies were assayed from the 
NP2758 cross. To express dTRPA1 in all six MB-MP neurons, we crossed 
c061;MBGAL80 females with uas-dTrpA1 male flies. All GAL4 and uas-transgene fly 
lines were crossed with wild-type females to create heterozygous control flies for all 
experiments. We visualized the expression patterns of the GAL4 lines by crossing flies of 
the relevant genotype to uas-mCD8::GFP (Lee and Luo, 1999) flies. 
c061;MBGAL80/tshGAL80;uas-mCD8::GFP flies were generated by crossing 
c061;MBGAL80 females to tshGAL80;uas-mCD8::GFP males. 
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c061;MBGAL80/THGAL80;uas-mCD8::GFP and MBGAL80/THGAL80; 
krasavietz/uas-mCD8::GFP flies were generated by crossing c061;MBGAL80 or 
MBGAL80;krasavietz females to THGAL80;uas-mCD8::GFP male flies. c061; 
MBGAL80; krasavietz /uas-mCD8::GFP  were generated by crossing c061; krasavietz 
females to MBGAL80;uas-mCD8::GFP male flies. NP2758;MBGAL80; krasavietz /uas-
mCD8::GFP  flies were generated by crossing NP2758;uas-mCD8::GFP females to 
MBGAL80;krasavietz male flies.  
 
Behavioral analysis: All flies were food deprived for 16–20 hr before 
conditioning in milk bottles containing a 10 x 6 cm Whatmann 3MM filter paper soaked 
with water. The olfactory appetitive conditioning paradigm was performed as described 
(Krashes and Waddell, 2008). Following training, flies were stored for 3 hrs in vials with 
food or vials containing only a water-dampened filter paper. Where noted, the vials were 
shifted to the restrictive temperature of 31°C or 16˚C to activate temperature-sensitive 
transgenes. Flies were either tested for appetitive memory performance at the permissive 
temperature of 23˚C or the restrictive 31˚C or 16˚C. The performance index (PI) was 
calculated as the number of flies running toward the conditioned odor minus the number 
of flies running toward the unconditioned odor after two minutes divided by the total 
number of flies in the experiment. A single PI value is the average score from flies of the 
identical genotype tested with each odor (3-Octanol or 4-Methylcyclohexanol). We tested 
olfactory and gustatory acuity of all the flies used in these studies using the previously 
reported methods (Keene et al., 2006). To reduce variation within experiments, all 
genotypes were tested in each experimental session. 
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 Statistical analyses were performed using KaleidaGraph (Synergy Software). 
Overall analyses of variance (ANOVA) were followed by planned pairwise comparisons 
between the relevant groups with a Tukey HSD post-hoc test. Unless stated otherwise, all 
experiments are n≥8. 
 
Immunohistochemistry: Adult female flies were collected 3-5 days after 
eclosion, brains or entire central nervous systems were dissected in ice-cold PBS [1.86 
mM NaH2PO4, 8.41 mM Na2HPO4, 175 mM NaCl] and fixed in 2% paraformaldehyde 
solution in PBS for 10 minutes at room temperature (RT). Samples were then washed 5 
times for 15 minutes with PBS containing 0.25% Triton-X100 (PBT), blocked for 1 hour 
with PBT containing 5% NGS (all at RT) and incubated with primary antibody in 
blocking solution for 2 days at 4°C. Samples were then washed 5 times for 15 minutes in 
PBT and incubated with secondary antibody in PBT for 12 hours at 4°C. Samples were 
then washed 10 times for 15 minutes with PBT, 2 times in PBS for 15 minutes and 
mounted in Vectashield (Vector Labs) for confocal microscopy. Confocal imaging were 
performed on a Zeiss LSM 5 Pascal confocal microscope and captured images were 
processed in ImageJ and Adobe Photoshop. In some cases, debris on the brain surface 
was manually deleted from the relevant confocal sections to permit construction of a 
clear projection view of the z-stack. Antibodies were used at the following dilutions: 
mouse IgG2a anti-GFP (Invitrogen 1:200); rabbit anti-Tyrosine hydroxylase (Chemicon 
1:100); rabbit anti-dNPF (kind gift from Ping Shen 1:2000); rabbit anti-GABA (Sigma 
1:100); FITC conjugated anti-Mouse IgG2a(Jackson Immunoresearch Laboratory 1:200); 
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Cy3 conjugated anti-Rabbit (Jackson Immunoresearch Laboratory 1:200); Cy5 
conjugated anti-Mouse IgG1γ (Jackson Immunoresearch Laboratory 1:200). 
 
V.C. Results 
Stimulating dNPF neurons promotes memory retrieval in fed flies 
Feeding flies to satiety after appetitive conditioning suppresses memory 
performance (Fig. V-1A) and we previously demonstrated that the suppression can be 
reversed by subsequently re-starving the flies before testing (Krashes and Waddell, 
2008). The efficacy of appetitive memory retrieval therefore can be taken as an index of 
the motivational drive-state of hunger. In this study we sought to identify the neural 
circuit mechanism through which the internal physiological state of satiety suppresses 
appetitive memory performance. 
Several studies have implicated Drosophila neuropeptide F (dNPF) signaling in 
food-seeking behavior (Wu et al., 2003; Wu et al., 2005a; Wu et al., 2005b; Wen et al., 
2005). Immunostaining for dNPF reveals neurons with prominent innervation in the 
subesophageal ganglion, the dorsal and lateral protocerebrum and the fan-shaped body 
and ellipsoid body of the central complex (Wen et al., 2005; and Fig. V-1B).  One can 
control the activity of some of these neurons using a dNPF promoter-driven GAL4 to 
express effector transgenes that are downstream of a UAS promoter (Wen et al., 2005). 
dNPF-GAL4 driven uas-CD8::GFP reveals expression in most of the dNPF-
immunoreactive neurons whose cell bodies reside in the dorsal protocerebrum but not 
those whose somata are clustered in the subesophageal ganglion (Fig. V-1B and VI-8). It 
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is plausible that dNPF release represents the food-deprived state in the brain and thereby 
modulates food-seeking neural circuitry. 
  Food-deprivation is required for efficient learning and for memory performance in 
our appetitive memory paradigm (Tempel et al., 1983; Krashes and Waddell, 2008). 
However, since a learning deficit in fed flies could result from the flies failing to ingest 
the reinforcing sucrose, rather than a neural process, we specifically manipulated memory 
retrieval in this study. In all experiments we ensured that flies were efficiently trained, by 
food-depriving them for 18 hr before training with odorant and sugar reward. 
Immediately after training we either transferred the flies to vials with, or without, food 
for 3 hr before testing appetitive memory. Flies starved before and after training display 
robust appetitive memory but feeding flies for 3 hr after training is sufficient to suppress 
appetitive memory performance (Fig. V-1A).  
We tested whether stimulating dNPF-expressing neurons could over-ride the 
suppression of memory performance by feeding. We expressed the heat-sensitive uas-
dTrpA1 transgene (Hamada et al., 2008) with dNPF-GAL4. dTrpA1 encodes a Transient 
Receptor Potential (TRP) channel that is required in a small number of neurons in the 
brain for temperature preference in Drosophila (Hamada et al., 2008). dTRPA1 conducts 
Ca2+ and depolarizes neurons when flies are exposed to temperatures greater than 25˚C. 
Ectopic uas-dTrpA1 expression allows one to stimulate specific neurons with increasing 
temperature.  We first food-deprived and trained wild-type, dNPF-GAL4, uas-dTrpA1 
and dNPF-GAL4; uas-dTrpA1 flies, fed them ad libitum for 3 hr and tested appetitive 
memory at the permissive temperature of 23˚C. No group showed robust appetitive 
memory under these conditions (Fig. V-1C). Memory performance of wild-type, dNPF-
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GAL4, uas-dTrpA1 and dNPF-GAL4; uas-dTrpA1 flies was not statistically different 
(P>0.57).  However, stimulating dNPF neurons for 30 min before and during testing by 
shifting the flies to 31˚C revealed memory performance in dNPF-GAL4; uas-dTrpA1 
flies that was statistically different from all other groups (P<0.006) (Fig. V-1D). These 
data suggest that stimulating dNPF neurons mimics food-deprivation consistent with 
dNPF being a key element in representing the internal state of hunger in the brain. 
 
Using NPFR1 to localize the relevant dNPF modulated circuitry 
dNPF signals through a G-protein coupled receptor encoded by the npfr1 gene 
(Garczynski et al., 2002; Wu et al., 2003). The role of npfr1 in appetitive behavior has 
been previously studied using a transgenic uas-npfr1 RNA interference (RNAi) construct. 
Expressing the uas-npfr1RNAi transgene in all neurons abrogated the behavioral effects of 
food-deprivation in larvae (Wu et al., 2003; Wu et al., 2005b). We therefore used this 
established reagent to localize the dNPF-modulated neural circuitry that is relevant for 
appetitive memory. We reasoned that disrupting npfr1 expression in these neurons would 
impair appetitive memory in hungry flies. We first verified the efficacy of the uas-
npfr1RNAi transgene for our purpose by expressing it in all neurons using n-synaptobrevin-
GAL4 and testing appetitive memory performance. As expected, flies expressing the uas-
npfr1RNAi transgene in all neurons displayed impaired memory performance that was 
statistically different from all other control groups (P<0.04)(Fig. V-9).  
Since dNPF expressing neurons densely innervate the dorsal protocerebrum and 
central complex (Fig. V-1B), we next expressed the uas-npfr1RNAi transgene with a 
selection of GAL4 drivers, c005, c061, 210Y and104Y, that express in neurons 
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innervating these brain regions. Given the established role of the mushroom bodies in 
appetitive memory (Schwaerzel et al., 2003; Keene et al., 2006; Krashes et al., 2007; 
Krashes and Waddell, 2008) we also used the OK107 GAL4 driver that expresses in all 
MB neurons (Connolly et al., 1996). We food-deprived wild-type flies, all flies 
expressing the uas-npfr1RNAi transgene in specific neurons, and flies harboring the GAL4 
drivers or uas-npfr1RNAi transgene alone, and tested 3 hr appetitive memory performance 
3hr after training.  This analysis revealed a significant defect in the performance of c061; 
uas-npfr1RNAi flies (P<0.01) whereas all other flies displayed performance that was 
statistically indistinguishable from wild-type flies (P>0.85) (Fig. V-2A). These data 
suggest c061 neurons are required to mediate the effects of dNPF on appetitive memory 
expression.  
 
Some c061 neurons innervate the mushroom bodies and fan-shaped body 
We visualized the c061 labeled neurons by expressing an uas-CD8::GFP 
transgene. Confocal analysis revealed expression in many places in the brain including 
robust expression in intrinsic neurons of the MBs (Fig. V-2B). Since driving the uas-
npfr1RNAi transgene in MB neurons with OK107 did not affect appetitive memory (Fig. 
V-2A), we crossed in a MB-expressed GAL80 transgene (MBGAL80; Krashes et al., 
2007) to remove MB expression and better visualize the other neurons labeled by the 
GAL4 driver. The MBGAL80 transgene abolished MB expression. Unexpectedly it also 
reduced the complexity of the expression pattern elsewhere in the brain (Fig. V-3A). 
Prominent expression remained in three neurons per hemisphere whose projections 
densely innervate the heel and peduncle of the MB and another cluster of five neurons 
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per hemisphere whose projections innervate a specific layer in the fan-shaped body of the 
central complex (Fig. V-3A).  Higher resolution imaging revealed innervation of the area 
of the MB peduncle that is occupied primarily by MB αβ neurons but not that occupied 
by α´β´ neurons (Fig. V-3C). Our previous work has shown that α′β′ neuron output is 
required to consolidate appetitive memory whereas output from αβ neurons is 
exclusively required for appetitive memory retrieval (Krashes et al., 2007; Krashes and 
Waddell, 2008). Therefore finding neurons that innervate the MB heel and αβ regions is 
consistent with a model wherein satiety affects memory retrieval through modulation of 
MB αβ and perhaps γ neurons. 
 
c061 labels six dopaminergic neurons that innervate the mushroom bodies 
Some dopaminergic neurons innervate the MB heel and base of the peduncle 
(Friggi-Grelin et al., 2003; Riemensperger et al., 2005; Tanaka et al., 2008). Their cell 
bodies are close to the MB calyx and lie in a group referred to as the PPL1 cluster 
(Friggi-Grelin et al., 2003; Riemensperger et al., 2005). We therefore tested whether the 
c061 MB-MP neurons are dopaminergic by immunostaining c061; MBGAL80; uas-
CD8::GFP brains with anti-tyrosine hydroxylase (TH) antibody. This analysis revealed 
that the cell bodies of the three c061 MB-MP neurons double label with GFP and anti-TH 
(Fig. V-3D) consistent with the c061 MB innervating neurons synthesizing, and 
presumably releasing, dopamine. 
 Finding that the six MB-innervating neurons in c061 are dopaminergic allowed us 
to use a TH-promoter driven GAL80 (THGAL80) transgene to remove expression from 
the dopaminergic neurons (Sitaraman et al., 2008). We combined c061;MBGAL80 with 
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THGAL80 and uas-CD8::GFP and visualized the brains of flies that were co-labeled 
with anti-TH antibody. This analysis revealed that THGAL80 suppressed expression in 
the dopaminergic neurons (Fig. V-3B). There was no overlap between the GFP and anti-
TH labeled neurons in brains from c061; MBGAL80/THGAL80; uas-CD8::GFP flies 
(Fig. V-3E). However, expression remained in the c061; MBGAL80 labeled neurons that 
innervate the fan-shaped body and those that innervate the subesophageal ganglion (Fig. 
V-3B).  
 
Blocking the MB-innervating dopaminergic neurons promotes memory retrieval in 
fed flies 
We used the c061;MBGAL80 and THGAL80 lines to test whether the 
dopaminergic neurons were responsible for inhibiting memory performance in fed flies. 
We predicted that directly blocking their output during memory testing with the dominant 
temperature-sensitive uas-shibirets1 (shits1) transgene (Kitamoto, 2001), might reveal 
memory performance in fed flies. shits1 blocks synaptic vesicle release at the restrictive 
temperature of 31°C and this blockade is reversed by returning flies to the permissive 
temperature of <25°C.  
Flies were food deprived, trained and immediately transferred to vials containing 
food before testing 3 hr memory. We performed this experiment under two different 
temperature regimens; at the permissive temperature for shits1 of 23˚C throughout (Fig. V-
4A), or we blocked the neurons prior to, and during memory retrieval by shifting them 
from 23˚C to 31˚C for one hour before testing (Fig. V-4B). We tested wild-type flies and 
the single transgene GAL4 and uas-shits1 flies in parallel for comparison. At 23˚C odor 
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memory scores of all groups were statistically indistinguishable (P>0.77) (Fig. V-4A). 
However, when c061;MBGAL80;uas-shits1 neurons were blocked prior to and during 
retrieval we observed significantly enhanced appetitive memory performance. The 
enhanced memory of c061;MBGAL80; uas-shits1 flies was statistically different from all 
other groups (all P<0.04) (Fig. V-4B). The dopaminergic neurons are critical because 
expressing uas-shits1 in all c061;MBGAL80 neurons except the dopaminergic neurons did 
not enhance performance (Fig. V-4B). Performance of c061;MBGAL80/THGAL80; uas-
shits1 flies was statistically indistinguishable from the control groups (P>0.99). Therefore, 
blocking synaptic output from the c061 dopaminergic neurons releases appetitive 
memory performance in fed flies consistent with the dopaminergic neurons being 
required to inhibit appetitive memory retrieval in fed flies. It is likely that dopamine 
provides the inhibitory affect because these neurons do not co-label for the classical 
inhibitory transmitter gamma-aminobutyric acid, GABA (Fig. V-10). 
 
The dopaminergic neurons are MB-MP neurons 
Others described morphologically similar neurons that innervate the MBs as being 
labeled by the NP2758 GAL4 line (Tanaka et al., 2008). NP2758 labels a single pair of 
so-called MB-MP neurons, named according to the regions of the mushroom body (MB) 
that they innervate: medial lobe and pedunculus (MP) (Fig. V-5A). From here on we 
name the MB-innervating dopaminergic neurons as MB-MP neurons. In addition we 
found that combining the krasavietz-GAL4 line (Dubnau et al., 2003; Shang et al., 2007) 
with the MBGAL80 transgene (Krashes et al., 2007) revealed expression in neurons 
resembling MB-MP neurons (Fig. V-5B). 
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We counted the number of TH positive neurons in the PPL1 cluster that are 
labeled by each GAL4 line (Fig. V-5C). Three TH positive cells are labeled by GFP in 
each PPL1 cluster in c061; MBGAL80;uas-CD8::GFP flies. MBGAL80;krasavietz/uas-
CD8::GFP also labels three TH-positive neurons but only two of these are MB-MP 
neurons that project to the heel and peduncle of the MB. The other TH-positive neurons 
in MBGAL80;krasavietz flies innervate the vertical α lobes of the MB (Fig. V-5B and 
VI-11). Lastly, we confirmed that NP2758; uas-CD8::GFP labels one TH-positive MB-
MP neuron per side of the brain.  
We combined the GAL4 lines in pairs and counted the number of cells that were 
co-labeled with GFP and anti-TH to determine whether c061, krasavietz and NP2758 
label overlapping MP-MP neurons. Four cell bodies are labeled in the PPL1 cluster in 
c061; MBGAL80; krasavietz flies. Since one of these is the krasavietz specific neuron 
that projects to the α lobe (Fig. V-5B and VI-11), MBGAL80;krasavietz must label two 
of the three MB-MP neurons labeled by c061. Three cell bodies are labeled in the PPL1 
cluster in NP2758;MBGAL80;krasavietz flies demonstrating that NP2758 labels one of 
the two MB-MP neurons labeled by MBGAL80; krasavietz. Therefore c061;MBGAL80 
labels three MB-MP neurons, MBGAL80;krasavietz labels two of these and NP2758 
labels one of the MB-MP neurons that is common to both c061;MBGAL80 and 
MBGAL80;krasavietz. Given that we did not observe more than three MB-MP neurons 
when the drivers were combined, we conclude that there are likely to be three MB-MP 
neurons on each side of the brain. 
  
Blocking a subset of MB-MP neurons does not reveal memory in fed flies 
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We tested whether disrupting two or four of the six MB-MP neurons affected 
appetitive memory in satiated flies. Blocking the NP2758 or krasavietz;MBGAL80 
neurons prior to, and during memory retrieval by shifting them from 23˚C to 31˚C for one 
hour before testing did not reveal performance in fed flies. Memory performance of 
MBGAL80;krasavietz/uas-shits1 (PI=0.09±0.03) and NP2758; uas-shits1 flies 
(PI=0.03±0.07) was statistically indistinguishable to that of all groups (all P>0.24) except 
c061;MBGAL80; uas-shits1 flies (both P<0.04). We conclude that it is necessary to block 
all six of the MB-MP neurons to release appetitive memory performance in fed flies. 
Alternatively the two MB-MP neurons that are labeled by c061 and not 
MBGAL80;krasavietz or NP2758 could be responsible.  
 
MB-MP stimulation inhibits appetitive memory expression in hungry flies 
To further test whether MB-MP neurons provide the inhibitory input that limits 
appetitive memory expression in fed flies, we assayed whether stimulating MB-MP 
neurons with the heat-sensitive uas-dTrpA1 transgene (Hamada et al., 2008) suppressed 
memory performance of hungry flies. We tested wild-type flies, flies expressing uas-
dTrpA1 in various combinations of MB-MP neurons and GAL4 and uas-dTrpA1 flies in 
parallel and using two different temperature regimens; permissive temperature of 23˚C 
throughout (Fig. V-6A), or we stimulated the neurons prior to, and during memory 
retrieval by shifting them from 23˚C to 31˚C one hour before testing (Fig. V-6B). We 
starved flies, trained them and transferred them to empty vials before testing 3 hr 
appetitive memory. At 23˚C all groups displayed robust appetitive memory performance 
and there was no statistical difference between groups (P>0.96) (Fig. V-6A). However, 
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acute stimulation of MB-MP neurons prior to, and during memory retrieval severely 
impaired memory performance (Fig. V-6B). The performance of c061; MBGAL80/uas-
dTrpA1 flies, MBGAL80/uas-dTrpA1;krasavietz flies and NP2758; uas-dTrpA1 flies was 
statistically different from all other groups (P<0.04). The suppression of performance 
with uas-dTrpA1 mediated activation is not due to irreversible damage of the mushroom 
bodies. Food-deprived c061; MBGAL80/uas-dTrpA1 flies that were stimulated for one 
hour after training showed normal 3 hr appetitive memory performance following a 2 hr 
recovery (P>0.70) (Fig. V-12).  
We also tested whether stimulating the c061 MB-MP neurons with the cold-
sensitive uas-TRPM8 transgene (Peabody et al., 2009) blocked appetitive memory. 
TRPM8 is a mammalian TRP channel that is activated by cooling to below 18˚C 
(McKemy et al., 2002; Peier et al., 2002). We starved and trained flies and put them into 
empty food vials for 2 hr before cooling them to 16˚C and testing their appetitive 
memory. No statistical difference was apparent between the performance of groups of 
flies kept at the permissive temperature of 23˚C throughout (P>0.50) (Fig. V-6C). 
However, stimulating c061-MB-MP neurons by shifting vials from 23˚C to the restrictive 
16˚C for one hour before and during testing impaired memory performance in c061; 
MBGAL80;uas-TRPM8 flies (Fig. V-6D). Performance of c061; MBGAL80;uas-TRPM8  
flies was statistically different from wild-type, uas-TRPM8, and c061; MBGAL80 flies 
(P<0.03). Therefore stimulating MB-MP neurons with either dTRPA1 or TRPM8 control 
suppresses memory performance in hungry flies (Fig. V-6B and D) and thus mimics the 
effect of feeding (Fig. V-1A). These data are therefore consistent with MB-MP neurons 
being a key part of the neural mechanism through which satiety suppresses appetitive 
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memory performance.  Furthermore, these results suggest that stimulating two MB-MP 
neurons is sufficient to block appetitive memory performance, consistent with our finding 
that blocking two or four of the six MB-MP neurons is not sufficient to release appetitive 
memory performance in fed flies.  
To exclude the possibility that our experimental manipulations with uas-shits1 and 
uas-dTrpA1 were interfering with olfactory or gustatory acuity, we tested the olfactory 
acuity of all the fly lines used in this study at either 23 or 31˚C depending on the 
temperature they were assayed for memory expression in the relevant experiments. We 
tested sucrose acuity of all the genotypes at 23˚C. No statistically significant differences 
were found between the relevant groups for either odor or sucrose acuity (Table V-1). 
Therefore our data suggest that blocking output from MB-MP neurons reveals appetitive 
memory performance in satiated flies whereas stimulating MB-MP neurons suppresses 
appetitive memory expression in hungry flies. 
 
V.D. Discussion 
Drosophila as a model for motivational systems 
It is critical to an animal’s survival that its behaviors are expressed at the 
appropriate time.  Motivational systems provide some of this behavioral control. Apart 
from the observation that motivational states are often regulated by hormones or 
neuromodulatory factors (Toates, 1986; Watts, 2003), we know little about how 
motivational states modulate specific neural circuitry to influence the expression of 
behavior.  Popular models posit that the likelihood that a specific behavior is expressed 
depends on the integration of sensory signals from incentive cues, learned representations 
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of the goal in the brain, and systems that represent internal physiological state (Toates, 
1986).  
 Hunger results from the need to maintain nutritional homeostasis and provides the 
animal with ‘motivational drive’ or ‘purpose’ to explore, locate and consume food. 
Reaching satiety neutralizes the motivation to eat and appetitive behavior ceases. As time 
after feeding increases, nutritional state declines and hunger returns. The likelihood that 
an animal seeks food is therefore determined by competing feedback mechanisms 
representing hunger and satiety. In this study we identified the neural circuitry that 
mediates the effects of hunger on the expression of a learned appetitive behavior in fruit 
flies. 
Hungry fruit flies form long-term appetitive memory that lasts for days, following 
a single two-minute pairing of odorant with a sucrose reward (Krashes and Waddell, 
2008). This appetitive memory performance is only robust if the flies remain hungry. 
Feeding flies after training suppresses memory performance but performance returns if 
the flies are subsequently re-starved (Krashes and Waddell, 2008). Therefore our 
paradigm incorporates the key features of popular models for motivational systems 
(Toates, 1986): the conditioned odor provides the incentive cue predictive of food, there 
is a learned representation of the goal object (odorant/sucrose), and the expression of 
learned behavior depends on a particular internal physiological state (hunger and not 
satiety). 
  
dNPF is a key factor in signaling the internal state of hunger 
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The neuromodulator dNPF has been implicated in appetite and food-seeking 
behavior in Drosophila larvae using an assay that resembles a classic model for 
motivated feeding in rodents (Wu et al., 2005b). Well-fed larvae are selective feeders and 
will not consume food that is tainted with the bitter tastant quinine. However, when food-
deprived the larvae become less selective and eventually eat whatever is available. 
Hyperactivation of dNPF signaling by overexpression of npf or the npfr1 receptor mimics 
the hungry state and motivates larvae to eat quinine-tainted food (Wu et al., 2005b). 
Conversely, npfr1 loss of function abrogates the effect of food-deprivation (Wu et al., 
2005b). These data suggest that dNPF plays an important role in motivating food 
consumption in larvae and led us to test whether artificial stimulation of dNPF neurons 
could overcome the satiety-mediated suppression of appetitive memory retrieval.  Using 
neuron specific expression of the transgenic heat-sensitive dTRPA1 we found that acute 
stimulation of dNPF neurons promotes appetitive memory performance in fed flies which 
suggests that dNPF provides the affective tone of the internal physiological state of 
hunger.  
 
Completing the body-brain connection 
We do not know the hunger and satiety signals that ordinarily control the activity 
of dNPF-releasing neurons in the fly. In mammals NPY-expressing neurons are a critical 
part of a complex hypothalamic network that regulates food-intake and metabolism 
(Saper et al., 2002). Food-deprivation increases NPY levels in the arcuate nucleus of the 
hypothalamus and injection of NPY into the paraventricular nucleus of the hypothalamus 
is sufficient to promote food intake (Sahu et al., 1988; Sanacora et al., 1990; Stanley and 
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Leibowitz, 1985). In times of adequate nutrition, NPY-expressing neurons are inhibited 
by high levels of leptin and insulin that are transported into the brain following release 
from adipose tissue and the pancreas, respectively (Figlewicz and Benoit, 2009). In 
hungry mice, falling leptin and insulin levels lead to loss of inhibition of NPY neurons. 
The fly genome does not contain a leptin gene but it does encode a number of Drosophila 
insulin-like peptides, DILPs (Arquier et al., 2008). Therefore dNPF neurons may be 
regulated by DILPs. Some NPY expressing neurons are also directly inhibited by glucose 
(Levin et al., 2006). Imported glucose is metabolized by glucokinase and resulting ATP 
and other metabolites regulate ion channels and alter membrane potential. It is possible 
that the activity of dNPF-expressing neurons could be similarly regulated. In addition, fly 
neurons might be able to sense glucose using the Bride of Sevenless G-protein coupled 
receptor (Kohyama-Koganeya et al., 2008). Data from blowflies also suggest that 
mechanical tension of the gut and abdomen may be involved (Gelperin, 1967; Gelperin, 
1971). Lastly, additional extracellular signals have been implicated in fruit fly feeding 
behavior including the hugin (Melcher and Pankratz, 2005) and take-out neuropeptides 
(Sarov-Blat et al., 2000; Meunier et al., 2007). It will be interesting to investigate how 
these signals are integrated to control food-seeking behavior and whether they also 
impact dNPF signaling and appetitive memory performance. 
 
Finding dNPF-regulated neural circuitry 
Since NPY inhibits synaptic function in mammals (Colmers et al., 1988; Colmers 
et al., 1991; Klapstein and Colmers, 1993; Qian et al., 1997; Rhim et al., 1997; Sun et al., 
2003; Browning and Travagli, 2003; Lin et al., 2004), we expected dNPF might suppress 
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the activity of inhibitory neurons to promote appetitive memory performance. We used 
an uas-npfr1RNAi transgene directed towards the dNPF receptor (Wu et al., 2003) to 
screen for neurons in which npfr1 expression is required for robust appetitive memory 
performance. Expressing uas-npfr1RNAi with the c061 GAL4 driver impaired appetitive 
memory performance in hungry flies suggesting that dNPF signaling through c061 
neurons is required to convey hunger to the brain. c061 labels many neurons in the brain 
but we were able to reduce the labeling by including a GAL80 transgene that is strongly-
expressed in the MB. This GAL80 unexpectedly also inhibited much of the expression 
elsewhere in the brain but left strong expression in a few neurons including a cluster of 
three dopaminergic neurons, the MB-MP neurons, on each side of the brain. Direct 
manipulation of this subset of c061 neurons suggests that these neurons are critical for the 
satiety-mediated suppression of appetitive memory performance. Disrupting 
neurotransmission with uas-shibirets1 (Kitamoto, 2001) released memory performance in 
fed flies. We were able to pinpoint the behavioral effect to the dopaminergic MB-MP 
neurons by including a TH-promoter driven GAL80 transgene (Sitaraman et al., 2008). 
Satiated flies expressing uas-shits1 in the subset of c061 neurons, not including the MB-
MP neurons do not exhibit memory performance at the restrictive temperature. Therefore 
MB-MP neuron blockade is required to release memory performance in fed flies, 
consistent with the idea that MB-MP neurons provide inhibitory control. As further 
support for an inhibitory function, we used heat- or cold-sensitive TRP channels 
(Hamada et al., 2008; Peabody et al., 2009) to demonstrate that MB-MP neuron 
stimulation suppresses memory performance in hungry flies. Therefore our data strongly 
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suggest that dNPF promotes appetitive memory performance by suppressing the action of 
inhibitory dopaminergic MB-MP neurons. 
 Finding that MB-MP neurons are part of the circuit required for satiety to 
suppress appetitive memory performance suggests a very efficient model wherein satiety 
and hunger exert direct influence on the olfactory memory circuit of the MBs. Our 
previous work has shown that output from the α′β′ MB neurons is required to consolidate 
appetitive memory whereas output from the αβ neurons is critical for appetitive memory 
retrieval (Krashes et al., 2007; Krashes and Waddell, 2008). The MB-MP neurons have 
processes in the MB heel and within the portion of the MB peduncle that is occupied by 
αβ neurons, consistent with the notion that they modulate the efficiency of retrieval 
through αβ neurons. 
 
A model for the role of MB-MP neurons 
We propose a model wherein MB-MP neurons gate MB output. Appetitive 
memory performance is low in fed flies because the MB αβ and γ neurons are inhibited 
by tonic dopamine release from MB-MP neurons. Hence, when the fly encounters the 
conditioned odorant, the MB neurons encoding that olfactory memory respond, but the 
signal is not propagated beyond the MB due to the inhibitory influence of MB-MP 
neurons.  However, when the flies are food-deprived dNPF levels rise and dNPF 
disinhibits MB-MP neurons, and other circuits, through the action of the NPFR1 receptor. 
dNPF disinhibition of the MB-MP neurons opens the gate on the MB. Therefore, when 
hungry flies encounter the conditioned odorant, the relevant MB neurons are activated 
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and the signal propagates to downstream neurons, eventually leading to expression of the 
conditioned behavior.  
Satiety and hunger are not absolute states, we sometimes observe above chance 
performance scores in fed flies, and therefore the level of inhibition of performance is 
most likely a graded response. This can plausibly be accounted for by a competitive 
push-pull inhibitory mechanism between the dNPF system and the dopaminergic MB-MP 
neurons.  
 
Structural and functional subdivision of dopaminergic neurons 
Our data suggest that the dopaminergic neurons in the fly can be subdivided based 
on their structure and function. Previous studies concluded that DA neurons convey the 
reinforcing properties of aversive stimuli. Blocking the output of all the TH-GAL4 
expressing DA neurons during acquisition specifically impairs aversive odor learning 
(Schwaerzel et al., 2003; and see Fig. V-13, P<0.002) and artificial activation of the TH-
expressing neurons can replace presentation of negative reinforcement in a larval learning 
assay (Schroll et al., 2006). Furthermore, the TH-GAL4 labeled dopaminergic projections 
on the MB lobes respond with an increase in intracellular Ca2+ when flies are subjected to 
an electric shock (Riemensperger et al., 2005). 
 We specifically manipulated the MB-MP subset of DA neurons that innervate the 
MB heel and core of the peduncle. The MB-MP neurons are not required for acquisition 
of aversive olfactory memory (P>0.94)(Fig. V-13) consistent with them having a distinct 
function in motivation. Since several studies have implicated a role for the MB α lobe in 
memory (Pascual and Preat, 2001; Yu et al., 2005; Yu et al., 2006), it is possible that 
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other DA neurons in the PPL1 cluster that innervate the MB α lobe (eg. one of them 
labeled in MBGAL80; krasavietz, Fig. V-5 and VI-11) provide reinforcement. We had to 
block all six MB-MP neurons to release appetitive memory performance in fed flies 
suggesting that the MB-MP neurons may function as a group. However, we cannot rule 
out that MB-MP neurons may be independently regulated to gate MB function.  The idea 
that a specific dopaminergic circuit restricts stimulus-evoked behavior is reminiscent of 
literature tying dopamine to impulse control in mammals (Weintraub, 2008; Blum et al., 
1996). 
Previous studies of the DA neurons in Drosophila, including those investigating a 
role in mechanisms of learning (Schwaerzel et al., 2003; Schroll et al., 2006; Seugnet et 
al., 2008), arousal (Andretic et al., 2005; Kume et al., 2005; Seugnet et al., 2008) and 
stimulus salience (Zhang et al., 2007) have simultaneously manipulated all, or large 
numbers of DA neurons. Our data suggest that it is necessary to consider the DA neurons 
as individuals, or perhaps small groups. MB-MP neurons appear to have an inhibitory 
mode whereas other DA neurons are believed to be stimulatory. Conclusions from 
manipulation of all TH-positive neurons are therefore unavoidably drawn from a net-
effect of concurrent blockade of stimulatory and inhibitory DA-dependent processes. It 
will be critical to control individual subsets of DA neurons in flies to fully understand 
their functional significance.   
The notion that the DA neurons innervating different parts of the MB control 
discrete processes implies that the MB neurons must also be compartmentalized to 
respond to the different DA neuron input. This might be achieved by specifically 
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localizing the different DA receptors and/or downstream effector pathways, to regions 
that are directly post-synaptic to particular DA neurons.  
Drosophila stimulatory D1-like and inhibitory D2-like DA receptors have been 
pharmacologically characterized following expression in Drosophila S2 cells and/or 
mammalian cells in culture. The DmDOP1 (dDA1) and DAMB (dopamine receptor in 
mushroom bodies) receptors respond to certain vertebrate D1 agonists and antagonists 
and both stimulate cAMP synthesis (Gotzes et al., 1994; Sugamori et al., 1995; Han et al., 
1996; Feng et al., 1996). In contrast DD2R responds to a specific D2 agonist (but not to a 
number of D2 antagonists) and was shown to decrease adenylate cyclase activity in 
mammalian cells through a pertussis toxin sensitive Gai/o mechanism (Hearn et al., 2002). 
Lastly, the DmDopEcR receptor is activated by both dopamine and ecdysteroids 
(Srivastava et al., 2005). Dopamine stimulates cAMP synthesis and the phosphoinositide 
3-kinase cascade whereas the ecdysteroids inhibit the action of DA and stimulate the 
mitogen-activated protein kinase pathway. Although these data from heterologous 
systems would appear to favor a role for DD2R in inhibitory control, one study reported 
that endogenous Drosophila D1-like receptors in primary neural cultures inhibit 
cholinergic transmission in a cAMP-independent manner (Yuan and Lee, 2007). 
Furthermore, DAMB and dDA1 are strongly expressed in MBs and dDA1 (dumb) mutant 
flies exhibit impaired appetitive memory (Han et al., 1996; Kim et al., 2003; Kim et al., 
2007). A high-resolution view of DA receptor localization in the MB may be informative.   
 
Motivation and learning 
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Our experiments so far specifically targeted an understanding of the systems that 
provide the inhibitory influence of satiety on the expression of appetitive memory 
performance.  The MB-MP neurons innervate the MB αβ and γ neurons that are required 
for memory formation and retrieval (Zars et al., 2000; McGuire et al., 2003; Akalal et al., 
2006; Krashes et al., 2007; Krashes and Waddell, 2008). Future experiments will tell us 
whether the MB-MP neurons are also involved in the efficiency of appetitive memory 
encoding during acquisition. It is possible that MB-MP neurons constrain learning so that 
the fly does not misattribute motivational significance to olfactory stimuli. Defects in 
such a mechanism have been linked to the development of delusional beliefs in human 
psychosis (Murray et al., 2008). 
 
Hunger simultaneously regulates discrete neural circuit modules 
The innervation pattern for the dNPF expressing neurons is rather widespread 
consistent with the idea that dNPF simultaneously modulates the activity of distinct 
neural circuits to promote food-seeking. MB-MP neurons represent the circuit through 
which the salience of food-relevant incentive odorant cues is regulated by the relative 
nutritional state of the animal. Given the apparent role of the MB as a locomotor 
regulator (Huber, 1967; Martin et al., 1998; Pitman et al., 2006; Joiner et al., 2006), the 
MB-MP neurons may also generally promote exploratory behavior. There are likely to be 
independent circuits that are dedicated to other elements of food-seeking behavior 
including those that potentiate the sensitivity of gustatory pathways and promote 
ingestive behavior.  
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NPY has been shown to stimulate feeding but inhibit sexual behavior in rats 
(Clark et al., 1985). Modulators exerting differential effects could provide a neural 
mechanism to establish a hierarchy of motivated states and coordinate behavioral control. 
dNPF may also potentiate activity in food-seeking related circuits while suppressing 
circuits required for other potentially competing behaviors, e.g., sexual pursuit. 
Furthermore, given that MB-MP neurons innervate the heel of the MB where the γ 
neurons reside, it is plausible that MB-MP neurons will affect pheromone processing 
(Stockinger et al., 2005; Manoli et al., 2005; Keleman et al., 2007). Our data suggest that 
dNPF relieves inhibition imposed by MB-MP neurons to effectively potentiate the MB 
circuit. dNPF could exert inhibitory control over competing circuits by inhibiting the 
action of excitatory neurons. 
 
Regulating behavior with inhibitory control 
In this study we provide the first multi-level neural circuit perspective for a 
learned motivated behavior in fruit flies. Our work demonstrates a very clear state-
dependence for the expression of appetitive behavior. Odorants that evoke conditioned 
appetitive behavior in hungry flies are ineffective at evoking appetitive behavior in 
satiated flies. These data demonstrate that the fly brain is not simply a collection of input-
output reflex units and they provide a neural circuit through which the internal 
physiological state of the animal establishes the appropriate context for behavioral 
expression. 
Dethier (1976) proposed that ‘a satiated fly receives maximum inhibitory 
feedback so that sensory input is behaviorally ineffective. As deprivation increases 
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inhibition wanes and sensory input becomes increasingly effective in initiating feeding’. 
Our data provide experimental evidence that this prediction is also likely to be accurate 
for expression of appetitive memory in the fruit fly where the mechanism involves 
neuromodulation in the central brain. The dopaminergic MB-MP neurons inhibit the 
expression of appetitive memory performance in satiated flies whereas dNPF disinhibits 
the MB-MP neurons in food-deprived flies. The likelihood that appetitive behavior is 
triggered by the conditioned odorant is therefore determined by the competition between 
inhibitory systems in the brain. The concept that continuously active inhibitory forces in 
the insect brain control behavioral expression was also proposed many years ago 
(Roeder, 1955). Here we provide evidence that these neurons exist and that their 
hierarchical arrangement is a key determinant of behavioral control. 
198 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure V-1. Stimulating dNPF-expressing neurons promotes appetitive memory 
expression in satiated flies. (A). Feeding for 3hr after training suppresses appetitive 
memory performance. The temperature shift protocols are shown pictographically. The 
white bar represents storage of flies in empty vials, while the yellow bar indicates flies 
stored in food vials. This figure format is used throughout this study. (B). dNPF is 
expressed in large neurons that densely innervate the dorsal and lateral protocerebrum, 
the subesophageal ganglion and the central complex. Immunostaining with an anti-dNPF 
antibody (red), partially overlaps (yellow, merge) with expression of dNPF-GAL4 driven 
CD8::GFP (green). The dNPF positive cell bodies in the subesophageal ganglion are not 
labeled by dNPF-GAL4. Furthermore, the anti-dNPF antibody only labels the upper layer 
of the fan-shaped body of the central complex, consistent with the processes in the 
ellipsoid body and lower layer of the fan-shaped body being post-synaptic regions of 
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dNPF-expressing neurons. Scale bar represents 20um. (C). Feeding flies after training at 
the permissive temperature of 23˚C suppresses 3 hr memory performance.  All flies were 
food-deprived, trained, fed and tested at 23˚C. (D). Stimulating dNPF neurons for 30 
minutes before testing produces memory performance in fed flies. All flies were food-
deprived, trained, and fed for 150min at 23˚C. At that time all flies were transferred to 
31˚C for 30min and tested for appetitive memory performance. Asterisks denote 
significant difference (P<0.05, Tukey HSD) from other unmarked groups. Data are mean 
± standard error of the mean (SEM).  
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Figure V-2. Region-specific disruption of npfr1 expression impairs appetitive 
olfactory memory in food-deprived flies. (A). Expressing a uas-npfr1RNAi transgene 
with c061 impairs 3 hr appetitive memory in food-deprived flies whereas expressing the 
uas-npfr1RNAi with 210Y, c005, 104Y or OK107 GAL4 control has no effect. Asterisk 
denotes significant difference (P<0.05, Tukey HSD) from other unmarked groups. Data 
are mean ± SEM. (B). Projection view of a c061; uas-CD8::GFP brain. Scale bar 
represents 20um. 
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Figure V-3. c061 labels six dopaminergic neurons that innervate the mushroom 
bodies. (A). Combining MBGAL80 with c061; uas-CD8::GFP eliminates MB neuron 
expression, reduces expression elsewhere in the brain and reveals expression in neurons 
that innervate the heel region of the mushroom bodies (arrows) as well as a few neurons 
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innervating the fan-shaped body of the central complex and a few neurons in the 
subesophageal ganglion. (B). A TH-promoter driven GAL80 removes expression from 
the dopaminergic neurons labeled by c061; MBGAL80. Projection view of a 
c061;MBGAL80/THGAL80;uas-CD8::GFP brain. THGAL80 removes expression from 
the MB-innervating neurons (arrows) but leaves expression elsewhere intact. Scale bar 
represents 20mm. (C). Higher magnification single confocal section views of the MB 
heel and peduncle region from a c061; uas-CD8::GFP brain. Moving anterior to posterior 
from left to right. Left and middle panels show extensive innervation of the MB heel. 
Right panel detailing innervation in the base of the peduncle. Inset, schematic cross 
section through the peduncle explaining zones occupied by the ab, a´b´ and g MB 
neurons. The MB is co-labeled in all panels with a MB-expressed DsRED transgene. (D). 
A confocal section through a c061;MBGAL80; uas-CD8::GFP brain at the level of the 
MB calyx (outlined). GFP (green) labels 3 large cell bodies at the side of the calyx and 5 
more lateral cell bodies. Counter staining with an anti-tyrosine hydroxylase antibody 
(red) labels 12 cell bodies in that region of the brain (known as the PPL1 cluster), and 3 
of them overlap (merge, yellow) with c061;MBGAL80 driven GFP. Scale bar represents 
10mm. (E). A confocal section through a c061;MBGAL80/THGAL80; uas-CD8::GFP 
brain at the level of the PPL1 cluster of DA neurons. GFP (green) labels 5 cell bodies and 
none of these overlap with anti-TH staining. Scale bar represents 10um.  
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Figure V-4. Blocking output from c061 dopaminergic neurons reveals appetitive 
memory performance in fed flies. The temperature shift protocols are shown 
pictographically above each graph. (A). Feeding flies after training suppresses 3 hr 
memory performance of all flies used in this study.  All genotypes were food-deprived, 
trained, fed and tested at the permissive temperature of 23˚C. (B). Blocking output from 
the c061; MBGAL80 labeled neurons for one hour before testing reveals memory 
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performance in satiated flies. Removing expression from the dopaminergic neurons 
reverses the memory promoting effect. All genotypes were food-deprived, trained and 
stored in food vials for 120min at 23˚C. Vials were then shifted to 31˚C for 60min before 
flies were tested for appetitive memory at 31˚C. Asterisk denotes significant difference 
(P<0.05, Tukey HSD) from other unmarked groups. Data are mean ± SEM.  
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Figure V-5. The dopaminergic c061 neurons are MB-MP neurons. (A). Projection 
view of a NP2758; uas-CD8::GFP brain showing labeling in MB-MP neurons (white 
arrows) and in the subesophageal ganglion. (B). Projection view of a MBGAL80; 
krasavietz/uas-CD8::GFP brain showing expression in MB-MP neurons (white arrows). 
Expression is also visible in dopaminergic neurons innervating the a-stalk of the MB 
lobes (yellow arrows, also see Figure S4), neurons in the fan-shaped body of the central 
complex and local neurons in the antennal lobe. (C). krasavietz and NP2758 label a 
subset of c061 labeled MB-MP neurons. Each column shows the separate and merged 
channels from confocal images of a PPL1 cluster in brains counter-labeled with GAL4 
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driven GFP (green) and anti-TH antibody (red). Double-labeled neurons are marked with 
an arrow in the merged images. c061 and krasavietz;MBGAL80 driven GFP label 3 
somata that counter-stain with anti-TH whereas NP2758 driven GFP labels only one anti-
TH labeled cell body. c061;MBGAL80; krasavietz driven GFP labels 4 somata that 
counter-stain with anti-TH indicating that c061 and krasavietz expression overlaps in 2 
neurons. NP2758;MBGAL80;krasavietz driven GFP labels 3 somata that counter-stain 
with anti-TH indicating that NP2758 labels one of the 2 MB-MP neurons in krasavietz; 
MBGAL80. Scale bar represents 20um (A, B) or 10um (C).  
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Figure V-6. Stimulating MB-MP neurons before testing suppresses appetitive 
memory expression in hungry flies. The temperature shift protocols are shown 
pictographically above each graph. (A). The permissive temperature of 23˚C does not 
affect 3 hr appetitive odor memory of any of the lines used in this study. All genotypes 
were starved, trained, stored for 3 hr in empty vials and tested for appetitive memory at 
23˚C. (B). Stimulating 6, 4 or 2 MB-MP neurons with uas-dTrpA1 before and during 
testing attenuates memory performance in starved flies. All genotypes were food-
deprived, trained and stored in empty vials for 120min at 23˚C and were then shifted to 
31˚C for 60min before and during testing. (C). The permissive temperature of 23˚C does 
not affect 3 hr appetitive odor memory of any of the lines used in this study. All 
genotypes were starved, trained, stored in empty vials for 3 hr and tested for appetitive 
memory at 23˚C. (D). Stimulating 6 MB-MP neurons with uas-TRPM8 before and during 
testing attenuates memory performance in starved flies. All genotypes were food-
deprived, trained and stored in empty food vials for 120min at 23˚C and were then shifted 
to 16˚C for 60min before and during testing. Asterisk denotes significant difference 
(P<0.05, Tukey HSD) from other unmarked groups. Data are mean ± SEM.  
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Figure V-7. Model for the role of MB-MP neurons. Red lines denote inhibition and 
green lines relief from inhibition. See discussion for details. 
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Figure V-8. dNPF-GAL4 does not label somata in the ventral ganglion. dNPF-GAL4 
driven CD8::GFP (green) shows strong expression in the brain and fibres descending into 
the ventral ganglion. However, no somata are labeled in the ventral ganglion. Scale bar 
represents 50 um. 
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Figure V-9. Silencing npfr1 in all neurons disrupts 3 hr appetitive olfactory memory 
in starved flies. Driving the uas-npfr1RNAi globally throughout the brain using syb-GAL4 
in the presence or absence of uas-dicer2 attenuates memory performance in hungry 
animals. uas-npfr1RNAi/syb-GAL4 and uas-dcr2; npfr1RNAi/syb-GAL4 flies are 
statistically different than wild-type, uas-npfr1RNAi, syb-GAL4, uas-dcr2, uas-dcr2; syb-
GAL4/+ and uas-dcr2; uas-npfr1RNAi controls. Asterisk denotes significant difference 
(P<0.05, Tukey HSD) from other unmarked groups. Data are mean ± SEM.  
212 
 
 
 
 
Figure V-10. MB-MP neurons do not immunostain for GABA. The separate and 
merged channels from confocal images of a PPL1 cluster in brains counter-labeled with 
GAL4 driven GFP (green) and anti-GABA antibody (red). Scale bar represents 10um. 
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Figure V-11. krasavietz labels two MB-MP neurons and one additional 
dopaminergic neuron in each PPL1 cluster that projects to the stalk of the α  lobe. 
A. Projection view of a MBGAL80;krasavietz/uas-CD8::GFP brain reveals the MB-MP 
neuron processes in the heel of the MB as well as projections from other neurons on the 
stalk of the MB α lobe (yellow arrows). B. Projection view of a 
MBGAL80/THGAL80;krasavietz/uas-CD8::GFP brain reveals that the THGAL80 
transgene removes expression from the MB-MP neurons and the neurons projecting to 
the stalk of the α lobe. Scale bar represents 20um. 
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Figure V-12. Stimulating MB-MP neurons for one hour after training does not 
affect appetitive memory. All genotypes were food-deprived and trained at 23˚C. They 
were then shifted to 31˚C for 60min and returned to 23˚C for 120min before and during 
testing. Data are mean ± SEM.  
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Figure V-13. Blocking MB-MP neurons does not impair acquisition of aversive odor 
memory. All flies were incubated at 31˚C for 30min before and during training with the 
aversive odor and shock protocol. Immediately after training all flies were returned to 
23˚C and tested for 3 hr aversive odor memory. Asterisk denotes significant difference 
(P<0.05, Tukey HSD) from other unmarked groups. Data are mean ± SEM. 
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Table V-1. Olfactory and Sucrose Acuity for strains used in this study. All genotypes 
were either tested for odor acuity at 23˚C or at the restrictive temperature for uas-shits1 or 
uas-dTrpA1 of 31°C. All genotypes were tested for sucrose acuity at the permissive 
temperature of 23°C. No statistical differences were apparent between the relevant 
groups. (OCT 23˚C P>0.99; MCH 23˚C P>0.99; OCT 31˚C P>0.88; MCH 31˚C P>0.99; 
sucrose P>0.89). All n≥6. 
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Chapter VI. Discussion, conclusions and future plans 
  
One of the ultimate goals of neuroscience is to understand memory at the 
molecular, cellular and neural network level. In this thesis, I used Drosophila as a model 
organism because it can learn, it has a relatively simple nervous system (approx 200,000 
neurons) and the genes involved in fly learning are conserved in mammals. For decades 
the fly has been employed as a model for gene discovery but the work presented here has 
revealed that fly memory is a neural systems-level process. Using an aversive shock-
reinforced and a refined appetitive sucrose-reinforced olfactory paradigm, we have 
demonstrated parallel and sequential use of distinct circuits in the fly brain involved in 
memory processing (Chapter II, III and IV). In addition, the studies in Chapter IV focus 
on the notion that some memories are more robust than others depending on the context 
and manner in which they are learned. Finally, we have shown that the appetitive 
olfactory memory is state-dependent and can be manipulated via feeding, as hunger drive 
soundly influences memory retrieval. These breakthroughs and the application of new 
and sophisticated genetic technology has opened a new era where a multi-level 
understanding of memory in the fly has become a truly attainable goal.    
 
VI.A. Memory consolidation 
 Studies over the last century have determined that memory exists in time-
dependent phases and is converted from a labile to a stable state after training by a 
process termed consolidation (Dudai, 2004). Consolidation processes are usually divided 
into either synaptic consolidation or systems consolidation. Synaptic consolidation occurs 
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within minutes to hours after training whereas systems consolidation can in some cases 
take months. In mammals, systems consolidation involves both parallel and sequential 
use of distinct brain regions as exemplified by consolidation of declarative memory, 
which initially requires the neural circuitry of the hippocampus and cortex but once the 
memory is consolidated, the requirement of the hippocampus is diminished. Hippocampal 
damage consequently impairs the consolidation of newly acquired memories but leaves 
older memories intact, consistent with the notion that consolidated memories 
permanently reside in the cortex (Scoville and Milner, 1957). Early studies in fruit flies 
(and other insects) determined that fly memory is also consolidated within minutes or 
hours after training from an anesthesia sensitive form to anesthesia resistant form(s) 
(Quinn and Dudai, 1976; Tully et al., 1994). However, until recently there was little 
appreciation for the idea that fly memory processing might also involve a neural systems 
consolidation. In Chapters II, III & IV, we have found that similar to mammals, memory 
processing in flies involves parallel and sequential use of distinct neural circuits that are 
reminiscent of systems consolidation in mammals. These findings have revolutionized 
our view of memory in the fly and we now aim to understand how molecular processes 
that engender synaptic consolidation work within the context of a brain undergoing 
systems consolidation. 
 
VI.B. The role of DPM neurons in memory stabilization 
Chapter II and IV served to make significant progress in understanding the role of 
DPM neurons in memory. Expressing the uas-shits1 transgene in DPM neurons with the 
c316 and Mz717 drivers, we found that DPM neuron output is dispensable during 
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acquisition and retrieval but is essential after training to consolidate both middle- and 
long-term appetitive sucrose-reinforced memory. This work established for the first time 
that the activity of specific neurons after sugar training was required to consolidate 
memory in flies. We extended these studies to show that the role of DPM neurons persists 
for around 30 minutes after appetitive conditioning. Therefore the role of DPM neurons is 
prolonged, yet transient consistent with the idea that they are involved in the time-
dependent process of memory consolidation. We also aimed to understand the role of the 
amnesiac (amn) gene in memory. The amn gene encodes a putative pre-pro-neuropeptide 
that has a short region of homology to mammalian Pituitary Adenylyl Cyclase Activating 
Peptide (PACAP) (Feany and Quinn, 1995). We found that expressing a uas-amn 
transgene in DPM neurons in an otherwise amn mutant animal restored wild-type 
appetitive olfactory memory performance. These data suggested that DPM neuron 
function was likely to be critical for memory consolidation and that releasing AMN 
peptide(s) onto the MBs was an essential part of the mechanism of consolidation. 
DPM neurons clearly innervate all the lobes of the MBs but we did not know 
what processes within each lobe are pre- or post-synaptic. Expressing the entire 
collection of transgenic markers for neural subcompartments (eg. synaptobrevin::GFP, 
synaptotagmin-HA, Shaker::CD8, RDL::GFP, Nod::GFP) in DPM neurons labels most of 
the neuron consistent with pre- and post-synaptic compartments being interspersed in 
DPM neurons processes on the MBs. To understand connectivity to the different MB 
lobes we sought to manipulate the complexity of DPM neuron projections onto the MBs. 
By expressing a variant of the highly variable Drosophila DScam cell adhesion molecule 
in DPM neurons we were fortuitously able to engineer DPM neurons to preferentially 
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target the mushroom body α′β′ neurons.  We showed that these altered DPM neurons 
retain function, which suggested a role in memory for the MB α′β′ neurons for the first 
time and indicated a particular importance for the DPM-MB α′β′ neuron connection in 
memory consolidation. Extending this analysis further, we demonstrated that these 
‘custom’ DPM neurons retained the same temporal requirement: blocking synaptic 
transmission 1 hour after training abolished memory. 
 It has been reported that DPM neurons report a physiological ‘memory trace’ after 
shock-reinforced conditioning (Yu et al., 2005). The recent development of genetically-
encoded reporters of neural activity allows one to watch neural events unfold in the brain 
of a live-behaving fly. A group imaged neural activity in DPM neurons before, during 
and after aversive olfactory conditioning, and were able to record conditioned (odor) and 
unconditioned (shock) stimulus responses in DPM neurons (Yu et al., 2005). Strikingly, 
after associative conditioning DPM neurons report a delayed physiological ‘memory 
trace’ that correlates with the time that their activity is required to stabilize aversive 
shock memory. A very important finding in this paper is that odors evoke a response in 
DPM neurons that can be measured with both G-CaMP (Ca2+ influx) and 
synaptopHluorin (synaptic transmission) fluorescent reporters. Since MB neurons are 
third order in the olfactory system and DPM neurons apparently only innervate MB 
neurons, these data imply that DPM neurons are both pre- and postsynaptic to MB 
neurons consistent with the idea that they are recurrent feedback neurons (Keene and 
Waddell, 2007). The interpretation of this data is that imaging from DPM neurons reports 
synaptic strength changes in Kenyon cells, and that DPM neuron feedback onto the 
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relevant Kenyon cells is essential for the development of persistent synaptic change in 
these Kenyon cells.  
 Importantly, the published DPM functional imaging studies have used electric 
shock punishment as the unconditioned stimulus (Yu et al., 2005). This shock delivery 
elicits a significant response in the DPMs, however the nature of the stimulus seems 
rather unspecific as shock has been demonstrated to elicit responses in several sets of 
neurons (Yu et al., 2004; Yu et al., 2005; Yu et al., 2006; Riemensperger et al., 2005). 
Thus far, there have been no reports of single fly imaging preparations where sucrose is 
used as the unconditioned stimulus. Since the work presented here demonstrates that 
DPM neurons are similarly involved in sucrose-reinforced odor memory, it is tempting to 
speculate that the olfactory response of DPM neurons is altered following the pairing of 
sucrose and odor, just as it is following the pairing of shock and odor. To date, it remains 
unclear if DPM neurons are activated by sucrose sensation. However, the similar 
behavioral requirements for DPM neuron function with shock- and sucrose-reinforced 
olfactory memory suggest that DPM neurons likely respond similarly to sucrose reward 
as they do to electric shock punishment. The circuitry underlying sucrose sensation and 
its relationship to memory acquisition will be discussed in a later section. Nonetheless, 
we have demonstrated that DPM neuron output during the period between training and 
testing (consolidation) is critical for the stability of appetitive sucrose-reinforced 
olfactory memories.  
 It is unknown whether DPM neurons are generally required for the consolidation 
of all mushroom body-dependent memory. However, amn mutant flies are deficient in 
visual memory (Gong et al., 1998), food choice behavior (Motosaka et al., 2007) and 
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conditioned courtship suppression (Ackerman and Siegel, 1986; Ejima et al., 2005). To 
this date though, DPM manipulation has not been employed in these various assays 
mainly because using the temperature-sensitive uas-shibirets1 transgene requires an 
elevated temperature which itself drastically affects the flies in these paradigms. 
However, alternative methods of acutely activating and deactivating neurons have been 
and are currently being developed, which may allow for such experimentation (Lima and 
Miesenbock, 2005; Marella et al., 2006). 
 
VI.C. Functional subdivision of the mushroom bodies in memory processing  
The work presented in Chapter III shows that stable aversive and appetitive 
memory requires the parallel and sequential activity of distinct subsets of MB neurons 
and DPM neurons. The single training session appetitive LTM assay provides a unique 
advantage for the study of memory consolidation because one can manipulate the brain 
immediately after training during the initial period of memory formation. In contrast ten 
cycles of the aversive spaced training procedure takes 150 minutes to complete (Tully et 
al., 1994) and therefore one cannot perturb neural processing during this period without 
also interfering with acquisition. Using this assay, as shown in Chapter IV, we tested 
whether DPM neurons and MB α´β´ neurons were required to consolidate appetitive 
LTM using neuron-specific expression of the dominant temperature-sensitive shibirets1 
transgene (Kitamoto, 2001). DPM and MB α′β′ neuron manipulation severely impaired 
shock- and sucrose-reinforced MTM and sucrose-reinforced LTM but blocking MB αβ 
neurons did not. These data suggest that output from DPM and MB α′β′ neurons is 
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required during the first hour after training for memory consolidation, while MB αβ 
neuron output is dispensable. 
 Conversely, we found that MB αβ neuron output is required for memory retrieval 
(during testing), while synaptic transmission from the DPM and MB α′β′ neurons was 
dispensable during this time. We propose that olfactory information received from the 
second-order projection neurons is first processed in parallel by the MB αβ and α′β′ 
neurons during acquisition. Activity in MB α′β′ neurons establishes a recurrent MB α′β′ 
neuron- DPM neuron loop that is necessary for the stabilization and consolidation of 
memory in MB αβ neurons and subsequently memories are “stored” in MB αβ neurons, 
whose activity is required during recall. It is plausible that MB α′β′ neurons are directly 
connected to MB αβ neurons and/or that DPM neurons provide the conduit between MB 
neurons. This time-dependent refinement of the neural circuit requirement from a dual 
requirement for MB α´β´ and αβ neurons for retrieval of short-term memory to only αβ 
output for MTM and LTM represents a systems consolidation process in the fly brain. 
This would suggest that synaptic and systems consolidation occurs on a similar time 
frame in flies. 
Using the less specific G0050 GAL4 driver others supported a role for α´β´ 
activity during acquisition of aversive memory and with live-imaging they also found 
increased odor-evoked Ca2+ influx in α´β´ neurons 60 minutes after conditioning (Wang 
et al., 2008). These data therefore suggest that memory up to an hour after training is 
likely represented in MB α´β´ neurons. Our favored hypothesis is that short-term 
memory is represented in parallel in MB α´β´ and αβ neurons and memory consolidation 
requires transmission from α´β´ neurons after training to refine and stabilize the memory 
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trace that ultimately resides in αβ neurons. One prediction of this model is that blocking 
output from either α´β´ or αβ neurons will impair short-term memory retrieval. Indeed, 
disrupting synaptic neurotransmission from the α´β´ neurons during learning 
significantly perturbs performance (Fig VI-1) (Krashes, unpublished). 
Another way to examine the functional role of a subset of neurons is to rescue 
gene function with tissue specific expression in the background of the mutant. Function 
of the cAMP cascade is thought to be essential for synaptic plasticity in memory 
formation and maintenance, and consequently for behavioral plasticity (Mayford and 
Kandel, 1999). Thus, tissue specific rescue of rut cDNA in a rut null background is 
believed to restore synaptic plasticity only in the neurons that express the transgene. 
Several groups have performed such experiments and have concluded that rut expression 
in the mushroom bodies is sufficient for memory (Akalal et al., 2006; Mao et al., 2004; 
McGuire et al., 2003; Zars et al., 2000a), however none of them made any distinction 
between the MB αβ and α´β´ neurons. To determine whether synaptic plasticity in the 
MB α´β´ lobes is sufficient for memory, rut cDNA was preferentially expressed in the 
MB α´β´ neurons of the rut2080 null mutatnt (Levin et al., 1992). Neither prime lobe 
driver could rescue the rut phenotype for either shock-reinforced learning (Fig VI-2A) or 
3 hour middle-term memory (Fig VI-2B), suggesting that the MB αβ neurons are the site 
of lasting mushroom body plasticity (Krashes, unpublished). A better way to address 
these questions of MB functional subdivision of RUT would be loss-of-function 
experiments using RNAi targeted against rut transcripts. Lastly, it is now possible to 
simultaneously rescue rut function in one set of neurons while blocking or stimulating a 
different set of neurons in the same fly utilizing the GAL4/uas system (Brand and 
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Perrimon, 1993) and LexA/lexAop systems in parallel (Lai and Lee, 2006) (Fig VI-3). 
We could link consolidation activity to cell signaling in the mushroom bodies by rescuing 
rut function in the MB αβ lobes while shutting off DPM, PN or MB α´β´ neuronal 
transmission giving us a clearer idea of how the synaptic output of distinct subsets of 
memory-relevant circuits and the cAMP pathway are related. 
 
VI.D. Increased anatomical specificity 
Most GAL4 lines express in neurons in addition to those of interest. Since the 
majority of GAL4 lines rely on enhancer trap detection and subsequent expression, it is 
extremely common that GAL4 lines express in numerous sets of neurons. One way to 
combat this is the construction of promoter-fused GAL4 lines, but this approach is not 
conducive when dealing with complex circuitry such as mushroom body lobe 
subdivision. The MB enhancer trap lines used in the studies in Chapters III and IV very 
cleanly label distinct populations of neurons within the MBs. The c305a-GAL4 line 
drives expression specifically in the α′β′ neurons of the MBs, while the c739-GAL4 line 
drives expression specifically in the αβ neurons of the MBs. However, both drivers label 
numerous other sets of neurons outside of the mushroom bodies, such as the extrinsic 
antennal lobe, antennal nerve and central complex neurons. To ensure that the observed 
consolidation and retrieval memory phenotypes were due to acutely blocking synaptic 
transmission from the mushroom body neurons and not the other neurons labeled by 
these enhancer trap lines, we employed a MB-expressed GAL80 to more rigorously test 
the requirement for MB activity. GAL80 is a repressor of GAL4 activity and therefore 
one can suppress the activity of MB expressed GAL4 by combining a MB{GAL80} 
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transgene with the appropriate GAL4 lines. This approach eliminates MB expression in 
our enhancer trap lines while leaving extrinsic MB expression intact. We then repeated 
the behavioral studies and determined that memory consolidation requires MB 
α′β′neurons while memory retrieval requires MB αβ neurons, as the memory phenotypes 
were reversed to wild-type levels in the presence of the MB{GAL80} transgene. 
 
VI.E. Behavioral analysis with the LexA/lexAop system  
To understand how activity in one set of neurons relates to signaling events in 
downstream neurons we need to be able to independently manipulate each set of neurons 
at the same time in the same fly brain. This is now possible in flies using the GAL4/uas 
system (Brand and Perrimon, 1993) with the LexA/lexAop system (Lai and Lee, 2006). 
To test the utility of LexA/lexAop for our studies, we constructed flies with a lexAop-
shits1 and have verified that the lexAop-shits1 transgene is functional by combining it in 
flies with the pan-mushroom body-driven LexA transgene. Since we know that synaptic 
output from different subsets of MB neurons is required during memory acquisition, 
consolidation and retrieval, we tested aversive olfactory learning in MB-LexA/ lexAop-
shits1 flies at the restrictive temperature of 31˚C. Learning was totally abolished at 31˚C 
(Fig. VI-4) (Krashes, unpublished). Therefore the lexAop-shits1 transgene works very 
nicely and will be of tremendous utility for future experiments. Additionally, this 
technology permits researchers to test functional neural circuit connectivity by 
stimulating or blocking a specific set of neurons (via an effector transgene) while 
imaging activity in another set of neurons (via an optical reporter).  
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VI.F. Ultra-precise analysis of MB neural circuits 
We have recently devised a way to very precisely control specific MB neurons by 
combining GAL4 and LexA based transcriptional systems with FLP-recombinase. We 
have used our MB-wide LexA transgene  to express a lexAop-FLP and have combined 
these transgenes with our MB-expressing GAL4 insertions and a uas>STOP>CD8::GFP 
transgene (where ‘>’ denotes a FLP Recombinase Target, FRT site). In these flies 
CD8::GFP is only expressed where GAL4 and LexA driven FLP expression overlaps. 
This approach generates remarkable specificity and we have converted our large 
collection of MB-expressing GAL4 lines to ultra-precise MB-expressing tools (Fig. VI-
5). We now have unprecedented specific control of MB αβ neurons (e.g. c739-FLPout), 
MB α′β′ neurons (eg. c305a FLP-out and G0050 FLP-out) and MB γ neurons (eg. our 
CG4395 peptide receptor GAL4 FLP-out or a selection of established γ drivers such as 
201Y and NP1131). The refinement gained is exemplified by G0050, which expresses in 
MB α′β′ neurons and extensively throughout the brain but is converted to ultra-specific 
α′β′ neuron expression in the FLP-out (Fig. VI-5) (DasGupta, unpublished). Similarly, 
our promoter-GAL4 based on the peptide receptor CG4395 that we identified as a 
candidate AMN receptor expresses in MB, central complex, antennal lobes, etc. but  
when combined with FLP-out only labels some αβ neurons and a novel subset of MB γ 
neurons (Fig. VI-5) (DasGupta, unpublished). We can use the same technology to express 
effector transgenes to block or stimulate these specific subsets of MB neurons. Not only 
can we confirm a specific role for the MB α′β′ and MB αβ neurons, but now we are able 
to investigate the function of the MB γ neurons as well as specific neuropeptides and 
228 
neurotransmitters that are highly localized to the MBs. The amazing enhanced resolution 
provided by this technique will revolutionize our studies of memory in flies. 
 
VI.G. A single 2 minute session of appetitive conditioning forms LTM 
The likelihood that information will be transferred from short–term to long–term 
storage, or be encoded into long–term memory, was once thought to depend primarily on 
how long a person keeps the information active in short–term memory via rehearsal. 
Although rehearsal clearly influences the transfer of information into long–term storage, 
it is important to note that other factors, such as the depth of processing (i.e., the level of 
true understanding and manipulation of the information), attention, motivation, and 
arousal also play important roles. One of the main findings from Chapter IV sheds light 
on this idea by demonstrating that rewarding sucrose-reinforced fly memories are more 
robust and enduring than those induced by electric shock punishment. 
Formation of aversive olfactory long-term memory (LTM) in Drosophila requires 
5-10 sessions of associative conditioning with 15 min rest intervals between training 
bouts (spaced training) (Tully et al., 1994). The requirement for spaced training has been 
suggested to reflect the presence of a mechanistic threshold for LTM induction (Yin et 
al., 1994; Isabel et al., 2004) because a single training session, or even ten training 
sessions with no rest (massed training) does not form LTM (Tully et al., 1994). This 
spaced, repetitive training protocol is akin to human rehearsal methods used to memorize 
certain facts, such as a word definition or the date of a historic event. 
 Two reports of appetitive conditioning in Drosophila using a two trial massed 
procedure observed measurable levels of memory up to 24hr after training (Tempel et al., 
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1983; Schwaerzel et al., 2007) and the work presented in Chapter IV shows that flies 
trained with a 2 minute odor exposure paired with sucrose form LTM. Briefly, flies 
starved for 16–20 hr were exposed to one odor without sugar reinforcement for 2 minutes 
followed by another odor with sugar reinforcement for 2 minutes. This starvation 
requirement prior to training is critical for the efficacy of the assay, as satiated flies do 
not ingest the sucrose reward and are unable to form an association with the conditioned 
odorant. A food deprivation curve reveals that performance scores steadily ramp up with 
increased starvation with observed optimal memory scores after approximately 18 hours 
of food deprivation (Fig. VI-6) (Krashes, unpublished). Post-training flies were 
transferred to empty food vials (with a damp filter paper) and stored until testing. To test 
memory, flies were transported to a choice point in a T-maze where they were given 2 
minutes to choose between the two odors experienced during training. We tested 
appetitive olfactory memory 1, 3, 6, 9, 12, 24, 27, 30, 33 and 36 hr after training. We 
found no significant decline in memory performance across this time period. We 
reasoned that this robust 24 hr memory following a single session of appetitive 
conditioning might be LTM. Interestingly, multiple spaced training sessions did not result 
in increased 24 hour memory scores (Fig. VI-7) (Krashes, unpublished). To make as true 
a comparison as possible to previously described aversive LTM, we utilized a collection 
of the tools and protocols that were employed in the defining studies (Tully et al., 1994; 
Yin et al., 1994). 
 
VI.H. Appetitive LTM requires new protein synthesis 
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A hallmark of LTM in all organisms is a requirement for new protein synthesis 
after training (McGaugh, 1966; Daniels, 1971; Jaffe, 1980; Davis and Squire, 1984; 
Mizumori et al., 1985; Montarolo et al., 1986; Rose and Jork, 1987; Castellucci et al., 
1989; Tully et al., 1994; Schafe and LeDoux, 2000). The classic method to assess a role 
for new protein synthesis in memory is to feed (or inject) animals the protein synthesis 
inhibitor cycloheximide (CXM) before or after training. A CXM feeding regimen was 
established in Drosophila that results in an approximately 50% decrease in overall 
protein synthesis (Tully et al., 1994) and this protocol has subsequently been used by 
several groups (Ge et al., 2004; Mery and Kawecki, 2005; Yu et al., 2006). However, our 
appetitive conditioning protocol requires that flies are food-deprived before training and 
therefore we could not administer CXM in glucose solution without compromising 
acquisition. We instead administered 35mM CXM in 3% ethanol to the flies during the 
period of food-deprivation before training. Following this protocol we trained CXM-fed 
flies (and flies fed 3% ethanol) and tested memory at several time points after training. 
We observed a striking time-dependent decline in memory performance after CXM-
feeding consistent with the notion that long-lasting appetitive odor memory requires new 
protein synthesis. CXM-feeding did not significantly affect memory before 6 hours after 
training similar to memory formed after aversive conditioning (Tully et al., 1994). Three 
hour memory performance, often referred to as middle-term memory (MTM), of CXM-
fed flies was comparable to that of flies food-deprived on vehicle alone. However, 
memory tested 6, 12 or 24 hr after training revealed a significant difference between the 
CXM and vehicle group suggesting that a protein synthesis-dependent memory phase 
partly guides behavior at that time. 
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The decline in performance following CXM-treatment is not a result of a time-
dependent decrease in health that is exacerbated by starvation. If flies were trained and 
tested for 1hr memory 24hr after CXM administration their performance was comparable 
to those fed vehicle alone (Fig. VI-8) (Krashes, unpublished). Therefore one appetitive 
olfactory conditioning session forms bona fide long-term memory that requires new 
protein synthesis implying a clear difference in the requirements to induce appetitive and 
aversive olfactory LTM in Drosophila. We cautiously use the term ‘session’ rather than 
‘trial’ because although the conditioned odor stimulus is continuously presented for 2 
minutes, we are unsure of how often within that period the flies sample the sugar 
unconditioned stimulus. It is also possible that reinforcement continues after training due 
to ingestion of sucrose. We propose to further investigate the nature of sucrose 
reinforcement, as discussed in Appendix 1. 
 
VI.I. Appetitive LTM depends on the action of CREB in the mushroom bodies 
The transcription factor cAMP response-element binding protein (CREB) is 
universally required for LTM and it is widely believed that the requirement for new 
protein synthesis after training is in part a reflection of a need to translate transcripts from 
CREB-induced genes (Yin et al., 1994; Lonze and Ginty, 2002; Barco et al., 2003). 
Inducing a heat-shock promoter controlled dCreb2-b trangene with a 30 minute heat-
shock 3 hours prior to training produces a heat-shock-dependent long-term aversive 
olfactory memory defect (Yin et al., 1994; Perazzona et al., 2004). We tested whether 
induction of the dCreb2-b transgene also impaired appetitive LTM following a single 
training session. 
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 We induced the dCreb2-b transgene by heat-shocking food-deprived flies at 37°C 
for 30 minutes. We then allowed the flies to recover and express the transgene for 2 hours 
before training. We subsequently trained the flies and measured their memory 24 hours 
later. Induction of the dCreb2-b transgene severely disrupted 24 hour appetitive memory. 
Furthermore, similar to spaced aversive conditioning (Yin et al., 1994), dCreb2-b 
induction specifically disrupted LTM and left MTM unaffected.  
 Although controlling dCreb2-b expression with the heat shock promoter allows 
fine temporal control it does not provide tissue specificity. Therefore to compensate for 
this limitation, we also used the GAL4/uas system to restrict expression of the dCreb2-b 
repressor to the mushroom bodies. We combined a uas-dCreb2-b transgene (Yu et al., 
2006) with three different MB drivers, c739-GAL4 (McGuire et al., 2001), c772-GAL4 
and MB247-GAL4 (Zars et al., 2000) that all express strongly in the MB αβ neurons: 
MB247 also expresses in γ neurons and c772 also expresses in γ and a few α′β′neurons. 
Similar to our results with the hs-dCreb2-b repressor, flies expressing uas-dCreb2-b in 
the MBs exhibited significantly reduced appetitive LTM measured 24 hours after a single 
training session. This manipulation did not affect earlier phases of appetitive memory 
following a single training session. Therefore these data combining two approaches with 
either temporal or spatial control suggest that appetitive LTM formed by a single training 
session requires the function of dCREB in the MB and suggest a specific importance of 
αβ neurons consistent with the data from experiments in which we block αβ neurons 
during LTM retrieval with c739; uas-shits1 flies. These results are also comparable with 
findings for aversive LTM following spaced training (Yin et al., 1994; Perazzona et al., 
2004; Yu et al., 2006). 
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VI.J. Appetitive LTM is rapidly consolidated within two hours after training and 
requires radish 
The period of active memory consolidation in insects can be revealed by its 
sensitivity to cold-shock anesthesia (Erber, 1976; Quinn and Dudai, 1976; Tully et al., 
1994).  We constructed a profile of memory consolidation following appetitive 
conditioning by assaying the effect on 24 hour LTM of cold-shock anesthesia 
administered at different times before and after training. Flies were anesthetized by 
transferring them to pre-chilled vials and plunging them into a 4˚C ice bath for 2 minutes. 
This induces a rapid anesthesia that is reversed a few minutes after returning flies to 
25˚C. LTM was severely reduced if cold-shock was administered immediately after 
training, but was unaffected if flies were anesthetized 1 hr before training or 2 or 12 
hours after training. These data suggest that appetitive memory formed by our single 2 
min training protocol is consolidated to anesthesia resistant form(s) within 2 hours after 
training.  
 The published literature for aversive olfactory memory in Drosophila supports the 
existence of two forms of consolidated memory.  Single and massed trials of aversive 
conditioning form anesthesia resistant memory (ARM) (Tully et al., 1994) that depends 
on the function of a wild-type radish gene (Folkers et al., 1993; Folkers et al., 2006). In 
contrast, spaced training forms both ARM and protein-synthesis dependent LTM (Tully 
et al., 1994) although it is debated whether LTM and ARM exist in parallel, or are 
mutually exclusive (Tully et al., 1994; Isabel et al., 2004). Since formation of appetitive 
LTM does not require spaced interval training we investigated the involvement of rsh in 
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appetitive LTM following a single training session. We also tested the crammer (cer) and 
tequila (teq) genes that specifically disrupt protein synthesis dependent aversive LTM 
(Comas et al., 2004; Didelot et al., 2006). cer encodes an inhibitor of the cathepsin 
subfamily of cysteine protease and is expressed in MB neurons and surrounding glial 
cells (Comas et al., 2004) whereas teq encodes an ortholog of neurotrypsin serine 
protease and its expression increases transiently after spaced training (Didelot et al., 
2006). Surprisingly, appetitive LTM was abolished in rsh, cer and teq mutant flies 
suggesting that both ARM and protein synthesis-dependent components depend on rsh 
function. The LTM phenotype was still present in rsh flies even after spaced appetitive 
training, further enhancing its necessity in sucrose-reinforced LTM (Fig. VI-9) (Krashes, 
unpublished). Three hour appetitive MTM performance of rsh mutant flies was 
statistically different from and approximately half that of wild-type flies, similar to that 
observed with aversive MTM (Folkers et al., 1993; Folkers et al., 2006), whereas MTM 
was not affected in cer and teq flies. Taken with previously published work these data 
suggest that a single appetitive training session forms anesthesia sensitive memory, rsh-
dependent consolidated memory and protein-synthesis dependent LTM. Furthermore, the 
finding that LTM is absent in rsh mutants suggests that rsh is required for appetitive 
LTM, questioning the proposed mechanistic independence of ARM and LTM (Tully et 
al., 1994; Isabel et al., 2004).  Importantly, these data demonstrate the critical role of rsh 
for appetitive LTM. It should be noted that a recent publication claims that the defect 
observed in rsh mutant flies could be a result of its reduced response to sucrose (Colomb 
et al., 2009), although this sugar response was unaffected at the concentrations used in 
both our and their own assays, severely weakening their claims. 
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VI.K. The central complex involvement in LTM consolidation 
A recent study suggested that systems consolidation in flies involves ‘transfer’ of 
memory from the MBs to the ellipsoid body (EB) (Wu et al., 2007). The experiments 
presented in Chapter IV using the same GAL4 lines revealed that the flies have a severe 
mobility defect and therefore we cannot support the published data. It is imperative that 
manipulating neuronal output does not impair the fly’s ability to move, especially during 
the time of testing when the flies are simultaneously presented with both odors and are 
assayed for their avoidance or attractive behavior. Not only did blocking output from 
R4m ring neurons of the ellipsoid body perturb memory recall, but it also disrupted 
innate behaviors such as phototaxis and negative geotaxis, direct measurements of 
locomotion.  
 
VI.L. Stimulating DPM and MB α′β′  neurons after training 
The work in Chapters II, III and IV has revealed a few startling differences 
between the requirements to form aversive and appetitive LTM. Multiple spaced training 
trials are required for aversive LTM (Tully et al., 1994) but a single 2 minute training 
session is enough to form appetitive LTM (Krashes and Waddell, 2008). Analyses of 
DPM neurons in memory consolidation has revealed that their output is essential for at 
least 180 minutes following electric-shock training (Yu et al., 2005) but that they are only 
required for 30 minutes following conditioning of odorant and sugar. Furthermore, the 
connectivity between DPM and MB α´β´ neurons is of particular importance for 
consolidation. We therefore posit that processes involving DPM neurons and MB α´β´ 
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neurons might be the rate-limiting step for memory consolidation and that they may 
function less efficiently after electric shock training. If this is correct, we should be able 
to promote memory consolidation by stimulating DPM or MB α´β´ neuron activity after 
aversive conditioning. There are now a few genetic tools available that allow us to 
stimulate Drosophila neurons, eg. Channelrhodopsin-2, P2X2, TRPM8 and dTRPA1 
(Schroll et al., 2006; Lima and Miesenbock, 2005; Bautista et al., 2007; Hamada et al., 
2008). The first two techniques depend on blue-wavelength light activation, which is not 
ideal for our assay since we have found it difficult to penetrate the fly cuticle to stimulate 
neurons deep in the brain.  
Instead, we can employ the heat sensitive dTRPA1 channel, which can be 
activated by >27°C temperature. We can express uas-dTRPA1 in DPM neurons with 
c316-GAL4 or in MB α´β´ neurons using a variant of the FLP-out approach (c305a-
GAL4 or G0050). Instead of making and using a uas>STOP>TRPA1 transgene, we will 
FLP-out a ubiquitously expressed GAL80 repressor of GAL4 only in MB neurons. In 
these flies GAL4 activity is restricted to specific MB neurons because activity elsewhere 
is repressed by the presence of GAL80 (Fig. VI-10). The beauty of this approach is that 
one can use all the pre-existing uas-transgenic lines circumventing the need to construct 
new uas>STOP>transgenic flies. This technique can also be used for increased MB 
resolution during rut rescue experiments described above. 
We will train flies in the single session aversive memory paradigm and 
immediately after training we will stimulate the DPM or MB α´β´ neurons by moving the 
flies to >27˚C for one hour. We will then return the flies to 23˚C for 23hr and monitor 24 
hour memory. Aversive memory after a single-training session is near zero 24 hours after 
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training. Therefore, if we observe robust aversive memory this will strongly suggest that 
DPM- MB α´β´ neuron activity is a rate-limiting factor in memory consolidation. We 
could also perform this experiment using our appetitive conditioning paradigm to test 
whether we enhance memory.  The ability to stimulate the activity of specific neurons is a 
fantastic complement to our ability to block the output of specific neurons with 
uas>STOP>shits1.  
 
VI.M. What drives the neural circuitry of memory consolidation?  
Output from MB α´β´ and DPM neurons is required after training to consolidate 
memory. Where does this activity originate? It is possible that DPM-MB activity is a 
self-sustained recurrent loop, similar to models for working memory in mammals 
(Durstewitz et al., 2000). Alternatively, since MB neurons are third-order in the olfactory 
pathway and are believed to receive unconditioned stimulus information, spontaneous 
activity in the olfactory and/or reinforcer pathways may provide ‘drive’ for consolidation. 
I think it is likely that activity in the olfactory pathway is involved in appetitive memory 
processing because it has been demonstrated that restoring expression in rutabaga mutant 
flies only to projection neurons rescued appetitive memory performance at least up to 3 
hours after training (Thum et al., 2007). Since the work here demonstrates that blocking 
DPM or MB α´β´ neurons for one hour after training severely curtails both appetitive and 
aversive MTM and appetitive LTM, this suggests that memory traces in projection 
neurons may feed forward and become MB dependent. We have begun to test this idea by 
blocking synaptic output from a subset of projection neurons (~60) using the uas-shits1 
transgene under the spatial control of GH146-GAL4. Inhibiting transmission from PNs 1 
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hour after training significantly attenuates 3 hour appetitive (Fig VI-11A) and aversive 
memory performance (Fig. VI-11B) (Krashes, unpublished). In addition, one could 
manipulate additional sets of neurons in the olfactory pathway such as excitatory and 
inhibitory local neurons of the antennal lobe or the first order olfactory sensory neurons.  
It is plausible that appetitive conditioning more efficiently forms LTM than 
aversive conditioning because sugar-sensitive gustatory receptor neurons (GRNs) are 
active long after training due to stimulation of internal sucrose receptors. GRNs are also 
present in organs that line the interior wall of the pharynx and are believed to monitor 
food as it is ingested (for review see Scott, 2005). The Gr5a-GAL4 and Gr64a-GAL4 
drivers label GRNs throughout the fly including in the labellum, internal mouthparts and 
tarsi. It would be intriguing to test whether prolonged stimulation of sugar-sensing GRNs 
is required for appetitive LTM by blocking their output after training using the Gr5a-
GAL4  and Gr64a-GAL4 drivers to express the uas-shits1 transgene. If this manipulation 
affects appetitive LTM, this will suggest that prolonged GRN stimulation after training is 
important for the fast consolidation of appetitive LTM. 
Delineating a source of drive for consolidation would pinpoint the connectivity 
that is utilized and perhaps modified by consolidation. Furthermore, finding a role for 
activity outside of the MB-DPM circuit after training would imply that input is required 
to drive the MB α´β´ and DPM neurons. This in turn would challenge a self-sustained 
MB-DPM circuit activity model.  
 
VI.N. Extension of the LTM assay: satiety-state regulates memory retrieval 
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It is necessary to food-deprive flies before and after appetitive learning for them 
to display appetitive memory (Fig VI-12) (Krashes, unpublished). This critical hunger-
drive is of great interest, but it imposes an obvious limitation on the appetitive LTM 
assay because starving flies for more than two days compromises viability. In our first 
experiments presented in Chapter IV, flies tested for 36 hour memory were starved for 
16-20 hours before and up to 36 hours after training. Beyond 36 hours a significant 
number die, presumably of food deprivation. We therefore sought to extend the utility of 
the assay by feeding and re-starving flies after training. We food-deprived two groups of 
flies for 16-20 hours, trained them both using the standard protocol and then put them 
both into food vials for 24 hr. One group was allowed to feed for an additional 24 hours 
(Group A) whereas the other was food-deprived for 24 hours (Group B). We 
subsequently assayed both groups for 48 hour appetitive memory and strikingly, flies in 
Group A that had been fed ad libitum between training and testing displayed little 
memory performance whereas those re-starved in Group B exhibited robust memory 
performance. A similar experiment in which two groups of hungry flies were trained and 
subsequently fed 48 hours followed by either an additional 24 hour feeding period 
(Group A) or 24 hour re-starvation (Group B) yielded similar results with Group B flies 
displaying robust 72 hour memory after just a single training session pairing sucrose with 
odor (Fig. VI-13) (Krashes, unpublished). This feeding and re-starving protocol allows us 
to significantly extend the time period that is available to manipulate molecular and 
neural processes to study the mechanisms of appetitive memory. More importantly, these 
findings have opened the door to new possibilities of examining the integration between 
motivational and memory circuits.  
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VI.O. Using flies to study motivation 
 In order for a species to survive in nature it must learn to adapt to its surroundings 
and execute precise behaviors at the proper time. Motivational systems are critical for this 
behavioral control. Besides the obvious knowledge that internal states such as hunger are 
controlled by circulating metabolites, neuromodulators and hormones, our understanding 
of how motivational states influence specific neural circuits leading to behavioral output 
is lacking. Motivational theorists have proposed models in which behaviors are 
dependent on the integration of sensory signals from incentive cues, learned 
representations stored as memory in the brain and the internal physiological state of the 
animal (Toates, 1986). The work presented in Chapter V demonstrates experimental 
evidence of such a model using Drosophila to study appetitive olfactory memory. 
 Flies, like all organisms, need to maintain nutritional homeostasis to subsist in 
their natural surroundings. When food stores are depleted, flies undergo exploration in 
search for caloric foodstuffs. Once a source is located, the food is sampled or tasted to 
ensure it is beneficial and not deleterious to the fly. It is then ingested and consumed so 
that a satiety state is reached neutralizing the motivation to eat. As time elapses after this 
feeding session, nutritional levels fall and hunger returns. The probability that an animal 
seeks food is thus determined by competing feedback mechanisms representing hunger 
and satiety. Here, we have identified a neural circuit mediating the effects of hunger on 
the expression of a learned appetitive behavior in fruit flies. 
 Data in Chapter IV clearly demonstrate that food-deprived Drosophila form long-
term appetitive memory that lasts for days, following a single two-minute pairing of 
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odorant with a sucrose reward. This performance, or ability to retrieve the learned 
memory, is reliant on the hunger drive of the flies. Food presentation after training up to 
the point of testing suppresses memory performance but performance returns if the flies 
are subsequently re-starved. Therefore our paradigm incorporates the key features of 
popular models for motivational systems (Toates, 1986): the conditioned odor provides 
the incentive cue predictive of food, there is a learned representation of the goal object 
(odorant/sucrose), and the expression of learned behavior depends on a particular internal 
physiological state (hunger and not satiety). 
 
VI.P. Internal physiological state of hunger 
 Previous data has suggested a role for the neuromodulator dNPF in motivating 
food consumption in larvae (Wu et al., 2005). In Chapter V, we found that ectopically 
stimulating dNPF release could overcome the satiety-mediated suppression of appetitive 
memory retrieval, suggesting that dNPF is at least one of the neuromodulators that 
imparts the affective tone of internal physiological state of hunger. It will be interesting 
to find other signals involved in regulating satiety in the fly brain. Larval studies indicate 
a role for Drosophila insulin-like peptides, as identical feeding phenotypes have been 
reported manipulating this circuitry (Wu et al., 2005). Furthermore, these peptides share a 
common receptor and RNAi constructs have been made targeting both the individual 
peptide transcripts and common receptor so experiments in our appetitive olfactory assay 
are plausible. Additional extracellular signals have been implicated in fruit fly feeding 
behavior including the hugin (Melcher and Pankratz, 2005) and take-out neuropeptides 
(Sarov-Blat et al., 2000; Meunier et al., 2007), with the former peptide displaying unique 
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central nervous system expression sending projections to the higher order brain structures 
from the general area of the subesophageal ganglion (Melcher and Pankratz, 2005). 
Hugin is thought to be down-regulated in hungry flies and conversely highly expressed in 
satiated flies. However, when we knocked down hugin expression with a targeted RNAi 
construct and assayed appetitive memory in fed flies, we saw no increase in performance 
as experimental flies were statistically indistinguishable from satiated controls and 
statistically different from wild-type hungry flies (Fig. VI-14) (Krashes, unpublished). 
Moreover, a novel capillary feeder (CAFE) assay has been developed to study 
prandiology, which allows for precise, real-time measurement of ingestion by individual 
or groups of flies on the scale of minutes to days (Ja et al., 2007). Utilizing this set-up, 
researchers can assess different parameters of fly feeding and get an idea of what circuits 
and neuronal peptides affect distinct prandial behaviors such as meal volume or 
frequency. 
 
VI.Q. dNPF neural circuitry and the MB-MP neurons in appetitive olfactory 
memory 
 Given the inhibitory function of mammalian NPY, we speculated that dNPF 
might suppress the activity of inhibitory neurons to promote appetitive memory 
performance. A potential NPFR1 mutant was generated from the Exelixis collection at 
the Harvard Medical School with a P-element insertion in the 5′ UTR, and this line is 
deficient for appetitive olfactory memory (Fig VI-15) (Krashes, unpublished), 
implicating its involvement in sucrose-reinforced learning. Attempts to verify this 
putative mutant via Western Blot using a previously generated antibody against the 
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receptor were unsuccessful.  We targeted a uas-npfr1RNAi transgene to different areas of 
the fly brain that overlapped with dNPF expression. This screen revealed one line, c061-
GAL4, that impaired appetitive memory performance in hungry flies suggesting that 
dNPF signaling through c061 neurons is required to convey hunger to the brain. This 
driver labeled numerous neurons throughout the brain so we employed a GAL80 
transgene that is strongly expressed in the MB to reduce this expression. Expectedly, this 
GAL80 inhibited the expression of the intrinsic MB neurons but to our surprise it 
drastically reduced the complexity throughout the remainder of the brain leaving strong 
expression in a few neurons including a cluster of three dopaminergic neurons, the MB-
MP neurons, on each side of the brain. The data in Chapter V indicates that these neurons 
are critical for the satiety-mediated suppression of appetitive memory performance. 
Disrupting neurotransmission with uas-shibirets1 revealed memory performance in fed 
flies. Moreover, we were able to pinpoint the behavioral effect to the dopaminergic MB-
MP neurons by including a TH-promoter driven GAL80 transgene. We have gone on to 
link these neurons to the dNPF pathway by driving the uas-npfr1RNAi transgene in all 
neurons labeled by c061-GAL4 except the MB-MP neurons using TH-GAL80. Flies with 
reduced function of NPFR1 in all neurons labeled by c061-GAL4 except the MB-MP 
neurons displayed appetitive memory performance that was statistically indistinguishable 
from controls (Fig. VI-16) (Krashes, unpublished), strongly suggesting that the action of 
the dNPF receptor is in these dopaminergic MB-MP neurons. Moreover, this phenotype 
is independent of the neuronal expression in the ventral ganglion of the fly. Employing a 
tsh-GAL80 to silence c061-GAL4 expression in the ventral ganglion, we found that uas-
shibirets1 manipulation continues to release memory performance in fed flies (Fig. VI-17) 
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(Krashes, unpublished). The low scores in this data set can be attributed to the strong 
lethality phenotype of the tsh-GAL80 transgene.  
As further support for an inhibitory function we used heat- or cold-sensitive TRP 
channels (Hamada et al., 2008; Peabody et al., 2009) to demonstrate that MB-MP neuron 
stimulation 1 hour before and during testing suppresses memory performance in hungry 
flies. Additional experiments revealed that an acute stimulation 15 minutes prior to and 
during testing also suppresses memory performance in hungry flies (Fig. VI-18). Future 
experiments to elucidate the role of these MB-MP neurons in inhibiting memory 
performance in hungry flies call for the inclusion of the TH-GAL80 transgene in 
combination with uas-TRPA1. In these flies, we would be stimulating all neurons labeled 
by c061-GAL4 except the MB-MP neurons and would expect a reversal of the inhibitory 
phenotype, suggesting that the MB-MP neurons are indeed responsible for suppressing 
memory performance in hungry flies. Therefore our data suggest that dNPF promotes 
appetitive memory performance by suppressing the action of inhibitory dopaminergic 
MB-MP neurons.  
 
VI.R. Hierarchical inhibition regulates appetitive olfactory behavior 
 The work presented in Chapter V demonstrates a very clear state-dependence for 
the expression of appetitive olfactory memory. Conditioned odors that induce appetitive 
behavior in food-deprived flies are fruitless at evoking appetitive behavior in fed flies. 
These data demonstrate the existence of a neural circuit through which the internal 
physiological state of the animal establishes the appropriate context for behavioral 
expression. A model follows wherein MB-MP neurons gate MB output. Appetitive 
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memory performance is low in fed flies because the MB αβ and γ neurons are 
presumably inhibited by tonic dopamine release from MB-MP neurons. Consequently, 
when the fly encounters the conditioned odorant, the MB neurons encoding that olfactory 
memory are activated and respond, but the signal is not propagated beyond the MB due to 
the inhibitory influence of MB-MP neurons.  However, when the flies are food-deprived 
dNPF levels increase and dNPF disinhibits MB-MP neurons, and other circuits, through 
the action of the NPFR1 receptor, opening the gate on the MB. Therefore, when hungry 
flies encounter the conditioned odorant, the relevant MB neurons are activated and the 
signal propagates to downstream neurons eventually leading to expression of the 
conditioned behavior. 
 
VI.S. Motivation and learning 
 The experiments presented in Chapter V specifically targeted an understanding of 
the systems that provide the inhibitory influence of satiety on the expression of appetitive 
memory performance.  The MB-MP neurons innervate the αβ and γ neurons that are 
required for memory formation and retrieval (Zars et al., 2000; McGuire et al., 2003; 
Akalal et al., 2006; Krashes et al., 2007; Krashes and Waddell, 2008). One inquiry is 
whether the MB-MP neurons also play a part in the effectiveness of appetitive memory 
encoding during acquisition. It is feasible that MB-MP neurons constrain learning so that 
the fly does not misattribute motivational significance to olfactory stimuli. We found that 
stimulating the MB-MP neurons during training, the time when flies associate the sucrose 
reward with the conditioned odorant, does not hamper MTM performance, implying 
these neurons are specific for memory recall (Fig. VI-19) (Krashes, unpublished). Here, 
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flies were transferred to the restrictive temperature of 31°C 15-30 minutes prior to and 
throughout training and then shifted to the permissive temperature during storage and 
testing. All fly groups were statistically indistinguishable from one another. The results 
from this experiment also suggest that manipulation of the MB-MP neurons does not 
impair the fly’s ability to detect and ingest the sucrose during training, as they were able 
to make the association between the rewarding sugar and odorant. 
 
VI.T. dNPF neural circuitry and the MB-MP neurons in aversive olfactory memory 
 Data from Chapter V presents ample evidence that appetitive sucrose-reinforced 
odor memory is influenced by the dNPF circuit and the dopaminergic MB-MB neurons, 
but what impact do these neurons have in aversive shock-reinforced olfactory memory? 
Aversive memory is thought to be state-independent although no thorough studies 
investigating hunger/satiety state on shock learning have been published. It is possible 
that starved flies have a higher arousal condition and therefore may be more sensitive to 
the electric shock stimuli leading to memory enhancement. Nonetheless, whether or not 
the dNPF neural circuit plays a role in this behavior has not been reported. We found that 
driving the uas-npfr1RNAi transgene pan-neuronally does not perturb shock-reinforced 
olfactory learning (Fig. VI-20) (Krashes, unpublished), providing preliminary evidence 
that this pathway is not required for this particular type of memory. This same 
manipulation severely disrupts sucrose-reinforced odor memory. Furthermore, blocking 
MB-MP neurons does not enhance aversive memory performance in fed flies (Fig. VI-
21) (Krashes, unpublished). In this experiment we trained and stored all flies at the 
permissive temperature and then inhibited MB-MP synaptic transmission one hour prior 
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to and throughout testing. All fly groups were statistically indistinguishable indicating 
that blocking MB-MP neuron synaptic output does not affect aversive memory 
performance in fed flies (Fig. VI-21) (Krashes, unpublished). These data are consistent 
with MB-MP neurons providing an inhibitory function that has specificity for appetitive 
memory. However, when we stimulated these neurons during retrieval following the 
same protocol used above for blocking the MB-MP neurons, we observed a considerable 
defect in shock-reinforced olfactory memory (Fig. VI-22) (Krashes, unpublished). While 
at first alarming, these results are not surprising when one considers the lack of 
specificity associated with electric shock. It is quite possible and even likely that the MB-
MP neurons are strongly activated by electric shock since this stimulus has been shown to 
trigger action potentials in every recorded group of neurons thus far (Yu et al., 2004; Yu 
et al., 2005; Riemensperger et al., 2005; Yu et al., 2006). Furthermore, we know that 
mushroom body output is required during memory retrieval so artificial activation of the 
MB projecting MB-MP neurons may act as a general sledgehammer on the MBs 
impeding the normal function of the MBs resulting in the measurable phenotypes. 
 
VI.U. Does overexpression of npfr1 generally enhance memory? 
We are ultimately interested in how the brain integrates memory information with 
that of motivation and directs behavior at the appropriate time. It seems clear that npfr1 
defines an intersection between appetitive memory and the motivation to feed and we 
expect that a detailed analysis of npfr1 function will lead us to the exact circuitry 
involved. Preliminary experiments show that overexpression of npfr1 is sufficient to 
reveal appetitive memory performance in satiated flies (Fig. VI-23) (Krashes, 
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unpublished). Despite these striking observations, they have to be examined further since 
the npfr1-GAL4 used to drive the expression of uas-npfr1 has very low levels of 
expression and is barely detectable even after anti-GFP staining. Nonetheless, it is also 
possible that npfr1 generally motivates the animal and that the pathway is not restricted to 
appetitive memory. One might argue this would be even more interesting than an 
appetitive memory specific function. Future experiments will investigate the generality of 
the npfr1 effect in two ways: exploring whether npfr1 overexpression 1) increases 
appetitive performance of hungry flies and 2) enhances aversive odor memory. 
The data presented in this thesis suggest that hungry flies are motivated to feed in 
an nprf1-dependent manner, but is it possible to make them even more motivated? We 
will over-express npfr1 with a library of drivers, with preferential expression in the fan-
shaped body of the central complex, dorsal protocerebrum and the MB-MP neurons, and 
test appetitive memory in starved flies. We will compare performance to fed flies 
overexpressing npfr1 and all the individual transgene controls, fed and starved. 
If npfr1 can enhance motivation in general we might expect that npfr1 
overexpression enhances memory performance in aversive odor memory tests as it does 
in appetitive tests. Although training flies with shock is robust and seems to be 
independent of the motivation state, subsequent memory performance (which is tested in 
the absence of reinforcement) may benefit from a motivational boost. We will therefore 
overexpress npfr1 with the same battery of drivers and test aversive odor memory. We 
will compare the performance to flies heterozygote for each single transgene and to fed 
wild-type flies and starved wild-type flies. If npfr1 enhances performance in the aversive 
memory protocol, we might expect to see a similar effect if we starve wild-type flies.  
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VI.V. Final remarks 
Without memory, everything we do would be a new, and uncharted, adventure. 
Our long-term goal is to understand memory at the molecular, cellular and neural 
network level. We use Drosophila as a model organism because it can learn, it has a 
relatively simple nervous system (approx 200,000 neurons) and the genes involved in fly 
learning are conserved in mammalian learning. For decades the fly has mostly been used 
as a good model for gene discovery but the work presented here demonstrates that fly 
memory is a neural systems-level process. This breakthrough and the application of new 
and sophisticated genetic technology has opened a new era where a multi-level 
understanding of memory in the fly has become a truly attainable goal. 
The data in Chapters II and III focus on and break down distinct neural circuits 
involved in the different stages of memory processing. We were able to manipulate 
synaptic transmission from discrete subsets of neurons and assay their necessity and 
function for both appetitive and aversive memory acquisition, consolidation and retrieval. 
It has been known for quite some time that the mushroom bodies were critical for 
olfactory memory, but there was little appreciation for the idea that fly memory 
processing might also involve a neural systems consolidation. We found that, similar to 
mammals, memory processing in flies involves parallel and sequential use of distinct 
neural circuits. Output from MB α′β′ is required during acquisition, output from the 
DPM- MB α′β′ recurrent circuits is required during consolidation and output from MB 
αβ neurons is required during retrieval. This idea is reminiscent of systems consolidation 
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in mammals where the role of the hippocampus is transient in stabilizing memories, 
which are eventually stored exclusively in the cortex.  
The information in Chapter IV expanded these results and showed that this 
processing mechanism is conserved for bona fide long-term memory, implying that 
consolidation is crucial immediately following training. In addition, we found that a 
single training session pairing an ethologically relevant sucrose reward with odor 
produces persistent long-lasting memory measurable for days. We proceeded to 
demonstrate this appetitive paradigm induces protein-synthesis-, CREB- and radish-
dependent memory that is resistant to anesthesia treatments two hours after training, 
implying this robust form of memory is consolidated very rapidly. Perhaps most 
importantly, we discovered that our sucrose-reinforced assay is state-dependent, as 
satiated flies are unable to recall learned odor representations. Remarkably, we found that 
re-starving or re-motivating the flies allows for the effective retrieval of memories, 
setting up a paradigm where we could investigate the neural integration between 
motivation (the internal state of the organism) and memory circuits. 
Although we use memory of prior experience to guide future behavior, whether 
we take advantage of our memory, or not, usually depends on our motivational state. For 
example, although you know where you hide the chocalate and other junk food in your 
home, you do not retrieve it when you are sated. However, addictive behaviors and 
compulsive disorders exist in which motivational control is lost and behavior becomes 
neurotically dangerous. The data in Chapter V aims to address the connection between 
the memory circuitry studied in Chapters II, III and IV, and the relevant neuronal network 
in the brain that signals and maintains hunger/satiety state homeostasis. We found that 
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ectopic dNPF release can release memory expression in satiated animals, suggesting this 
is at least one of the neuromodulators that conveys the affective tone of the internal 
physiological state of hunger. Investigating the localization and site of action of the dNPF 
circuit unveiled a cluster of dopaminergic MB-MP neurons that play a key part in 
regulating memory retrieval. Blocking output from these neurons reveals performance in 
fed flies while stimulating output suppresses performance in hungry flies. Therefore the 
motivational state of hunger is represented in the mushroom body by an inhibitory circuit 
with a neuromodulatory switch: satiety inhibits memory performance through the MB-
MP neurons and hunger promotes memory retrieval via dNPF disinhibition of the MB-
MP neurons. 
 The work presented here has made significant contributions to the field of 
learning and memory. In addition, several lines of study have paved the way for novel 
exploration and investigation into a better understanding of how the fly brain processes 
memory and integrates internal and external cues to strengthen these learned 
representations. Only by starting small can we hope to comprehend the neural 
mechanisms underlying human memory and cognition. The fruit fly Drosophila 
melanogaster offers us the genetic tools, techniques and reduced complexity to make this 
goal a reality. 
252 
 
 
 
Figure VI-1. Blocking MB α′β′  neurons impairs aversive shock-reinforced olfactory 
learning. Inhibiting synaptic output from MB α′β′ neurons using the c305a-GAL4 and 
c320-GAL4 enhancer trap lines to drive uas-shibirets1 expression disrupts STM at the 
restrictive temperature of 31°C. Error bars are SEM. Asterisks denote a significant 
difference (p < 0.05) from all other unmarked groups.  
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Figure VI-2. Synaptic plasticity in the MB α´β´ lobes is insufficient for shock-
reinforced olfactory learning and memory. (A). Rescuing the rutabaga phenotype in 
the MB α/β/γ neurons using the MB247-GAL4 enhancer trap line driving expression of 
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rut cDNA restores STM for aversive olfactory learning, while restoring MB α′β′ rut 
function does not. (B). Rescuing the rutabaga phenotype in the MB α/β/γ neurons using 
the MB247-GAL4 enhancer trap line driving expression of rut cDNA restores MTM for 
3 hr aversive olfactory memory, while restoring MB α′β′ rut function does not. Error bars 
are SEM. Asterisks denote a significant difference (p < 0.05) from all other unmarked 
groups. 
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Figure VI-3. Dual transcriptional control using the yeast GAL4/uas and bacterial 
LexA/LexOp systems in parallel. In this example, we are simultaneously blocking 
output from the dorsal paired medial (DPM) neurons and rescuing rutabaga specifically 
in the mushroom body (MB) neurons in the same fly. 
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Figure VI-4. Blocking mushroom body output using the LexA/LexOp system 
abolishes aversive shock-reinforced olfactory learning. Flies were shifted to the 
restrictive temperature of 31°C 15 minutes prior to training and remained at this 
temperature throughout training and immediate testing. Error bars are SEM. Asterisks 
denote a significant difference (p < 0.05) from all other unmarked groups. 
* 
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Figure VI-5 Ultra-precise gene expression in MB neurons by combining GAL4, 
LexA and FLP recombinase. Genetic scheme and micrographs showing standard GAL4 
patterns (left panels) and ‘FLP-out’ enhanced resolution of expression in specific subsets 
of MB neurons (right panels). All ‘FLP-out’ right hand panels are projections through the 
entire midbrain and show complete MB neurons. 
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Figure VI-6. Food-deprivation curve. All points denote 3 hr memory performance. The 
x-axis represents the time in hours that the wild-type flies were starved prior to training. 
All flies were food-deprived the three hours between training and testing and assayed for 
3 hour memory. Significance was observed at 9 and 18 hours. Error bars are SEM. 
Asterisks denote a significant difference (p < 0.05) from all other unmarked groups. 
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Figure VI-7. Multiple spaced training trials does not augment 24 hr appetitive 
memory performance. The top panel shows three different training protocols: either one 
session, two sessions spaced by a 15 minute inter-trial interval or three sessions spaced 
by 15 minute inter-trial intervals. The bar graph demonstrates that all protocols induce 
LTM scores that are statistically indistinguishable from each other. Error bars are SEM. 
There is no significant difference (p >0.05) between groups. 
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Figure VI-8. CXM feeding does not generally impair flies 24 hrs after feeding. Flies 
were food-deprived in the presence of CXM, stored for an additional 24 hrs without 
CXM or food and then trained and tested for 1 hr appetitive memory. Flies fed CXM 
were statistically indistinguishable from those fed vehicle alone for 1 hr memory 
performance. Error bars are SEM. There is no significant (p>0.05) difference between 
groups. 
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Figure VI-9. rsh mutant flies have an appetitive LTM defect after 3 training sessions 
spaced by 15 minute inter-trial intervals. Error bars are SEM. Asterisks denote a 
significant difference (p < 0.05) from all other unmarked groups. 
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Figure VI-10. Dual transcriptional control with increased anatomical specificity. In 
this example, a pan-neuronal mushroom body LexA is driving the expression of FLP-
recombinase using the bacterial LexA/LexOp activation system. In the same fly, a prime-
lobe specific MB GAL4 is driving expression of the heat-sensitive TRPA1 channel, but 
it’s expression is inhibited by the presence of a tub-GAL80 transgene. However, in these 
flies, the TRPA1 is only expressed in the overlapping MB neurons as the FLP-
recombinase removes the tub-GAL80. This approach can be used with any effector gene. 
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Figure VI-11. Blocking output from projection neurons during consolidation 
significantly impairs olfactory memory. (A). Disrupting synaptic transmission from the 
PNs for 1 hr immediately after training perturbs appetitive sucrose-reinforced 3 hr 
memory performance. (B). Disrupting synaptic transmission from the PNs for 1 hr 
immediately after training perturbs aversive shock-reinforced 3 hr memory performance. 
Error bars are SEM. Asterisks denote a significant difference (p < 0.05) from all other 
unmarked groups. 
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Figure VI-12. Hunger is necessary to acquire and retrieve sucrose-reinforced 
olfactory memory. Flies were tested for 24 hr memory performance under 4 different 
protocols: starved before and after training up to testing (starved/starved), fed before and 
after training up to testing (fed/fed), starved before training and fed after training up to 
testing (starved/fed), and fed before training and starved after training up to testing 
(fed/starved). Only flies starved before training and after training up to testing 
(starved/starved) displayed robust 24 hr appetitive olfactory memory. Error bars are 
SEM. Asterisks denote a significant difference (p < 0.05) from all other unmarked 
groups. 
* 
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Figure VI-13. A single two minute training session induces LTM that lasts for 72 
hours. (A). Wild-type flies were starved for 16–20 hours, trained with a single appetitive 
conditioning session, and were either returned to food vials for 72 h (group A) or for 48 h 
and then subsequently food deprived for the next 24 h (group B). Both groups were 
trained, stored, and tested for 72 hour appetitive LTM at 25°C. (B). Re-starved flies 
(Group B) displayed 72 hour appetitive memory whereas flies that remained on food 
(Group A) did not. Error bars are SEM. Asterisks denote a significant difference (p < 
0.05) from all other unmarked groups. 
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Figure VI-14. hugin knockdown does not result in appetitive performance in 
satiated flies. All fly groups were fed after training up to testing and showed no 3 hr 
memory scores. Only wild-type flies that remained food-deprived displayed robust 
performance as they were statistically different from the huginRNAi fly groups. Error 
bars are SEM. Asterisks denote a significant difference (p < 0.05) from all other 
unmarked groups. 
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Figure VI-15. A putative NPFR1 mutant fly line is defective for appetitive olfactory 
memory. PBac-npfr1 flies, with a P-element insertion located in the 5’UTR, have 
impaired 3 hr sucrose-reinforced olfactory memory that is statistically different from 
wild-type flies. Error bars are SEM. Asterisks denote a significant difference (p < 0.05) 
from all other unmarked groups. 
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Figure VI-16. NPF receptor function likely resides in the dopaminergic MB-MP 
neurons. Taking away expression specifically in the MB-MP neurons labeled by the 
enhancer trap line c061-GAL4 with TH-GAL80 reverse the loss-of-function phenotype 
observed in hungry flies. Error bars are SEM. Asterisks denote a significant difference (p 
< 0.05) from all other unmarked groups. 
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Figure VI-17. A tshGAL80 transgene eliminates ventral ganglion expression but 
appetitive memory performance remains.  
(A). The complete central nervous system from a c061;MBGAL80;uas-CD8::GFP fly 
reveals prominent expression in the brain and the ventral ganglion. 
(B). The complete central nervous system from a c061;MBGAL80/tshGAL80;uas-
CD8::GFP fly reveals prominent expression in the brain but no expression in the ventral 
ganglion. 
(C). Feeding for 3 hr after training suppresses memory performance in all fly groups at 
the permissive temperature of 23˚C. All genotypes were food-deprived, trained, stored in 
food vials for 180min, and trained at 23˚C.  
(D). Blocking MB-MP neuronal output using c061; MBGAL80/tsh-GAL80 driven uas-
shits1 reveals memory performance in sated flies. All genotypes were food-deprived, 
trained and stored for 120min at 23˚C and were then shifted to 31˚C for 60min before and 
during testing. Asterisk denotes significant difference (P<0.05, Tukey HSD) from other 
unmarked groups. Data are mean ± SEM.  
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Figure VI-18. Acute stimulation of MB-MP neurons during retrieval perturbs 3 hr 
appetitive memory in hungry flies. Flies were trained and stored for 2 hours and 45 
minutes at the permissive temperature of 23°C, then shifted to the restrictive temperature 
of 31°C 15 minutes prior to and during testing. This manipulation severely impairs 
sucrose-reinforced memory performance as experimental flies are statistically different 
than controls. Error bars are SEM. Asterisks denote a significant difference (p < 0.05) 
from all other unmarked groups. 
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Figure VI-19. Acute stimulation of MB-MP neurons during acquisition does not 
impair 3 hr appetitive memory in hungry flies. Flies were shifted to the restrictive 
temperature of 31°C 15 minutes prior to and during training. Post-conditioning they were 
transferred to the permissive temperature of 23°C for the remainder of the experiment. 
This manipulation had no adverse effect on any fly group tested as experimental flies are 
statistically indistinguishable from controls. Error bars are SEM. There is no significant 
difference (p > 0.05) between groups. 
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Figure VI-20. Global npfr1-knockdown does not impair shock-reinforced olfactory 
learning. Pan-neuronal expression of a uas-npfr1RNAi transgene throughout the fly CNS 
using a syb-GAL4 driver does not disrupt aversive olfactory learning as all fly groups are 
statistically indistinguishable from one another. Error bars are SEM. There is no 
significant difference (p > 0.05) between groups. 
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Figure VI-21. Blocking output from MB-MP neurons does not enhance aversive 
olfactory memory in fed flies. Flies were trained and stored for 2 hours at the permissive 
temperature of 23°C and then transferred to the restrictive temperature of 31°C for 1 hour 
before and throughout testing. Perturbing synaptic transmission from the MB-MP 
neurons had no affect on 3 hr shock-reinforced olfactory memory as experimental flies 
were statistically indistinguishable from controls. Error bars are SEM. There is no 
significant difference (p > 0.05) between groups. 
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Figure VI-22. Acute stimulation of MB-MP neurons during retrieval disrupts shock-
reinforced olfactory memory. Flies were trained and stored for 2 hours at the 
permissive temperature of 23°C and then transferred to the restrictive temperature of 
31°C for 1 hour before and throughout testing. Perturbing synaptic transmission from the 
MB-MP neurons severely impaired 3 hr shock-reinforced olfactory memory retrieval as 
experimental flies were statistically different from controls. Error bars are SEM. 
Asterisks denote a significant difference (p < 0.05) from all other unmarked groups. 
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Figure VI-23. Overexpressing the dNPF receptor reveals memory performance in 
satiated flies. NPFR1 overexpression in putative npfr1-positive neurons releases memory 
expression in fed flies as the experimental group is significantly different from controls. 
Error bars are SEM. Asterisks denote a significant difference (p < 0.05) from all other 
unmarked groups. 
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Appendix 1: Investigating the reward pathway of sucrose from the periphery to the 
central brain 
 
 
Appendix 1.A. Identifying the sucrose input pathway 
 Taste in Drosophila is mediated by gustatory receptor neurons (GRNs) on the 
proboscis, internal mouthpart organs, legs, wings and ovipositor (Stocker, 1994). The 
dendrites of these neurons extend into the bristle shaft where they are exposed to taste 
ligands. The sensory axons then project to the subesophageal ganglion (SOG), the 
ventralmost region of the fly brain, both by anatomical position and taste quality. The 
sweet modality is relayed to the brain through the GRNs expressing the gustatory 
receptor (Gr5a), as well as additional GRs. Using a promoter-fused Gr5a-GAL4 to drive 
uas-shits1, we attempted to inhibit the sucrose input pathway during training (acquisition), 
the point in which the flies are conditioned to associate an odorant with the sucrose 
reward. Our hypothesis was that blocking these neurons during this time should severely 
impact memory performance because the flies presumably would not detect the 
sweetness of the sugar. However, silencing synaptic output from these neurons had no 
adverse affect on appetitive olfactory memory (Fig. Apx-1) (Krashes, unpublished). One 
reason this manipulation yielded unexpected results may be due to alternative or 
redundant GRNs that carried the rewarding stimulus information to the proper areas of 
the brain. Another possibility is that the caloric value of the sucrose was sufficient to 
elicit performance despite the inability of the flies to taste the sweetness of the sugar, as 
observed in mammals (de Araujo et al., 2008). Alternatively, the data presented in 
Chapter V strongly indicates that the internal state of hunger and the resulting elevated 
levels of neuropeptides, metabolites and hormones are likely to play a major role in 
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memory acquisition and may be sufficient to engender associative conditioning. A further 
explanation is that synaptic release from GRNs is dynamin-independent and therefore not 
disrupted with uas-shits1. 
 Three recent publications concluded via electrophysiological recordings and the 
proboscis extension response behavioral assay that the Gr64a receptor is responsible for 
sensing the disaccharide sugar, sucrose (Dahanukar et al., 2007; Jiao et al., 2007; Slone et 
al., 2007). RT-PCR analysis of Gr64 transcripts suggests that the six Gr64 genes are 
transcribed as a polycistronic mRNA, a rare mode of gene expression in eukaryotes other 
than C. elegans (Slone et al., 2007). Furthermore, Gr64a was shown to mediate sucrose 
response in a walking proboscis extension assay designed to more closely mimic fly 
behavior in its natural environment. Interestingly, the response to sucrose was reduced at 
lower concentrations, but not at the highest concentration tested (Dahanukar et al., 2007). 
Given these findings, we aimed to identify the relevant gustatory receptor responsible for 
mediating sucrose detection in our appetitive olfactory paradigm. Surprisingly, Gr64a 
mutants displayed wild-type levels of performance in our assay (Fig. Apx-2A) (Krashes, 
unpublished). This suggests that the flies are still detecting the rewarding sucrose 
normally and are able to make the positive association with the conditioned odorant. It 
should be noted that we use a very high concentration of sucrose and similar to the results 
of the walking proboscis extension assay, these elevated levels of the sugar may elicit 
stronger responses causing additional detection by other receptors or increased firing 
rates of the activated GRNs. In previous studies, Gr5a has been identified as the receptor 
for trehalose, a disaccharide sugar found in yeast (Dahanukar et al., 2001; Ueno et al., 
2001; Chyb et al., 2003). Remarkably, Gr5a mutants (ΔGr5a) were completely deficient 
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in our sucrose-reinforced olfactory assay (Fig. Apx-2A) (Krashes, unpublished). This 
same mutant fly line was shown to have normal electrophysiological and proboscis 
extension responses to sucrose at low concentrations (Dahanukar et al., 2007; Jiao et al., 
2007; Slone et al., 2007). It is worth mentioning that the walking proboscis extension 
(WPE) was not performed on Gr5a mutant flies. Given our results, it would not be 
surprising if ΔGr5a flies were defective in sucrose detection in this WPE assay as the 
testing of number of proboscis extensions of flies freely walking on a sucrose coated 
surface is similar to the one employed in our assay. Nonetheless, these results suggest 
that Gr5a is the critical gustatory receptor detecting the sweet taste of sucrose at high 
concentrations and without it, flies in our paradigm can no longer make the association 
between the rewarding sugar and odorant. Importantly, this behavioral phenotype was 
specific for the sucrose-reinforced paradigm as both Gr5a and Gr64a null mutants 
displayed wild-type performance levels for shock-reinforced olfactory learning (Fig. 
Apx-2B) (Krashes, unpublished). 
 
Appendix 1.B. Does sucrose reinforcement depend on caloric value? 
It is also possible that appetitive memory is efficiently consolidated because the 
caloric value of sucrose engages reinforcement independent of taste signaling.  Indeed, a 
recent study in mice lacking functional "sweet" taste receptors reported learned 
preference for sucrose containing solutions based on caloric content (de Araujo et al., 
2008). Similar experiments can be performed in flies by functionally ablating the sugar 
sensing neurons using Gr5a-GAL4 and Gr64a-GAL4 together to drive a uas-diptheria 
toxin (uas-DTI) transgene and trying to condition flies with odorants and sucrose. If 
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conditioning is still observed it would imply that flies are also reinforced by caloric 
content. The GRN-DTI approach has been shown to work in the proboscis extension 
response assay (Wang et al., 2006). Another, less direct way to test whether caloric 
content is important for appetitive conditioning is to train flies with odorants and artificial 
stimulation of sweet sensing neurons. This can be achieved by expressing the capsaicin 
responsive rat VR1 receptor in sweet sensing neurons (Marella et al., 2006) with GR5a-
GAL4 and conditioning flies with odorants and capsaicin. Alternately, we could express 
the heat-sensitive uas-TRPA1 transgene in GR5a neurons and condition flies with 
odorants and high temperature. If either of these approaches worked, it would strongly 
suggest that perception of sweetness is sufficient for the reinforcing effects of sucrose. 
Although it seems unlikely that ectopic VR1 or TRPA1 recapitulates natural stimulation 
by sucrose, VR1 activation of GR5a-expressing neurons by capsaicin can at least drive 
behavioral attraction and therefore likely provides an appetitive signal (Marella et al., 
2006). A final alternative to this experiment would be to condition flies with odorants and 
artificial sweeteners (eg. Saccharin [Sweet & Low], aspartame [Equal] and sucralose 
[Splenda]). Indeed, utilizing these artificial sweeteners induced 3 hour memory scores, 
although significantly lower scores relative to saturated sucrose (Fig. Apx-3) (Krashes, 
unpublished). It would be interesting to know if long-term memory is affected using these 
artificial sweeteners. If caloric value is playing a role during conditioning, one might 
expect high initial learning scores but reduced or absent long-term memory performance. 
These results have to be taken cautiously since the artificial sweeteners used in the 
experiments were taken directly from the commercial packages and thus contain traces of 
dextrose. We would have to order the pure substances from the companies directly in 
283 
order to ascertain their capacity for conditioning. Alternatively, we could use a 
comparable low concentration of dextrose and show that it is insufficient to condition 
flies. Moreover, since we do not know which artificial sweeteners flies perceive as 
‘sweet,’ we would have to first determine whether flies sense the popular artificial 
sweeteners using the quadrant choice assay that we developed and routinely use to assay 
sucrose acuity, or electrophysiological recordings. 
 
Appendix 1.C. Does the modulatory monamine octopamine represent appetitive US 
information? 
In Drosophila, monoamines are proposed to signal the unconditioned stimulus to 
MB neurons through their specific G-protein coupled receptors (GPCRs) and are thought 
to activate adenylate cyclase via trimeric G-proteins. Memory is believed to gain pathway 
specificity in the circuit by virtue of its reliance on coincident activity between activity 
patterns in specific CS pathway neurons and modulatory monoamine release. The current 
model for appetitive olfactory conditioning in Drosophila suggests that rewarding 
unconditioned stimulus information is provided by octopamine (OA) activating GPCRs 
on MB neurons.  
Octopamine is synthesized from the amino acid tyrosine via a two-step reaction 
catalyzed by tyrosine decarboxylase (TDC) and tyramine β-hydroxylase (TβH). The fly 
genome encodes one TβH and two TDC enzymes, TDC1 and TDC2 (Monastirioti et al., 
1996; Cole et al., 2005). TDC2 is expressed in neurons while TDC1 is non-neural (Cole 
et al., 2005).  Flies carrying mutations in the Tdc2 or Tbh gene are viable but infertile and 
therefore mutants can be tested for memory performance (Monastirioti et al., 1996; Cole 
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et al., 2005). It was reported that Tbh mutant flies that lack octopamine are defective in 
appetitive conditioning but display normal aversive memory (Schwaerzel et al., 2003). 
Consistent with these findings, the Tbh mutant memory defect could be restored by 
inducing a Tbh transgene globally throughout the fly or surprisingly, by feeding flies OA 
prior to training implying OA found its way to the memory-relevant circuitry 
(Schwaerzel et al., 2003). These data convincingly demonstrate a role for OA in 
appetitive memory but they do not distinguish between the possibilities that OA release 
might be acutely or chronically required during training nor whether OA is a permissive 
or instructive signal. 
 OA neurons innervate every area of the adult fly brain including the antennal 
lobes and mushroom bodies in the olfactory pathway (Sinakevitch and Strausfeld, 2006). 
This architecture resembles the mammalian adrenergic system where a relatively small 
number (20,000) of neurons from the Locus coereleus innervate all the major areas of the 
brain. Unfortunately, the widespread OA neuron innervation obscures a clear indication 
of the likely area of action of OA in appetitive memory. However, the Tdc2-GAL4 allows 
one to simultaneously manipulate the function of all the OA (and tyramine) neurons and 
test their role in appetitive memory (Fig. Apx-4) (Krashes, unpublished).  
 To date, the role of Tdc2 neurons in Drosophila has only been reported for larval 
learning (Schroll et al., 2006; Honjo and Furukubo-Tokunaga, 2009). Although the 
findings support the idea that OA release represents an appetitive US in larvae, the 
experiments lacked the required information to determine whether the activity of the 
Tdc2 neurons was required during training, or whether conditioning using light-activation 
of the Tdc2 neurons followed the established laws of conditioning, eg. CS before US, etc. 
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Furthermore, Drosophila larvae are incessantly hungry, continuously feeding and 
undergoing developmental changes. Thus the larval system is not ideal for understanding 
the specific temporal and spatial role for octopamine in olfactory appetitive memory. A 
crucial unanswered question is whether disrupting OA neuron function in adult flies 
impairs appetitive memory. We have recently used the Tdc2-GAL4 driver to express uas-
shibirets1 to reversibly block OA neurotransmission and found that blocking output from 
adult Tdc2-neurons during training does not impair appetitive memory (Fig. Apx-5A) 
(Krashes, unpublished) suggesting that OA neuron output is not required during the time 
of CS-US association. These data argue against an instructive role for OA and against 
OA neurons conveying the appetitive US.  
 If OA does not represent the US, how might it impact appetitive memory? OA has 
a conserved role in hunger-driven behavior. For example, in the nematode, 
Caenorhabditis elegans OA has been linked to food seeking behavior and starvation 
induces OA-dependent cAMP synthesis in a subset of neurons (Suo et al., 2006). In the 
pond snail Lymnaeae stagnalis OA modulates the feeding circuits, making feeding easier 
to initiate and feeding bursts more intense (Vehovszky and Elliott, 2001; Vehovszky et 
al., 2001). Adult blowflies, Phormia regina, injected with octopaminergic drugs exhibit 
enhanced proboscis extension and become grossly hyperphagic when offered sucrose 
(Long and Murdock, 1983). Lastly, OA levels are higher in the brains of foraging 
honeybees (Apis mellifera) than in nurse honeybees that remain in the hive and oral OA 
treatment of mature nurse bees promotes the transition to the foraging life-style (Schulz 
and Robinson, 2001). Therefore it is essential to consider the role of OA in feeding 
behavior in the fly in relation to appetitive memory. It is possible that the appetitive 
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memory defect observed in Tbh mutant flies results from a deficit in hunger-driven 
facilitating effects of OA rather than a missing US signal. However, in preliminary 
experiments we have found that blocking Tdc2-neurons during starvation and throughout 
the entire experiment has no negative effect on appetitive memory (Fig. Apx-5B) 
(Krashes, unpublished) as Tdc2-GAL4; uas-shibirets1 flies are statistically 
indistinguishable from controls. One explanation for these results is the 
tyraminergic/octopaminergic neurons labeled by the promoter fused Tdc2-GAL4 do not 
express in the memory-relevant OA circuitry. Another plausible explanation is that 
appetitive memory is dependent on varying and differential levels of both octopamine 
and its precursor tyramine, as these bioamines have been shown to have distinct 
behavioral functions in other invertebrates (Alkema et al., 2005). Using Tdc2-GAL4 does 
not allow us to distinguish between these two bioamines and could be the reason no 
phenotype was observed. Lastly, a potential caveat of uas-shits1 manipulation is whether it 
affects all vesicle release or only release of vesicles whose membrane is recycled 
following fusion. However, published literature and the results in Chapter V suggest that 
uas-shits1 disrupts dopamine release (Schwaerzel et al., 2003) and behavioral phenotypes 
have been reported using Tdc2-GAL4 in larval olfactory learning (Honjo et al., 2009) and 
adult aggression (Hoyer et al., 2008). It therefore seems likely that monoamine release is 
disrupted with uas-shits1. 
 Finding the receptor(s) through which OA exerts its function would be a major 
leap forward in our understanding of the molecular mechanism of appetitive memory and 
would allow us to localize the circuitry that is modulated by OA. To do this we 
investigated two null mutant fly lines for different OA receptors (OARs), oamb and oa2. 
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Both these mutants have been shown to have egg-laying/ovulation defects (Lee et al., 
2009). Despite fertility difficulties, these flies were completely normal for appetitive 
sucrose-reinforced olfactory memory (Fig. Apx-6) (Krashes, unpublished). Another 
approach to identifying the memory-relevant OA receptors is a knockdown RNAi 
strategy used to silence transcripts of the different OARs either pan-neuronally 
throughout the whole fly brain or targeted specifically to the mushroom bodies. All the 
RNAi transgenes exist and these experiments can be done quickly and easily. However, 
these OARs may function redundantly so it may be necessary to perturb their function in 
groups. Either way, a detailed understanding of the function and localization of the 
memory-relevant OAR(s) should inform us of the organization of appetitive memory in 
the fly brain. 
 Interestingly, octopaminergic neurons branch exclusively throughout the antennal 
lobe, in addition to the innervation of parts of the mushroom bodies (Fig. VI-15) 
(Sinakevitch and Strausfeld, 2006). In this respect, the memory traces found for 
appetitive sucrose-reward memory correlate with the presumed sites of coincidence 
between odor representation and reinforcement. A model can be proposed in which the 
coincident activity of activated Kenyon cells and the sucrose signal mediated by 
octopaminergic neurons lead to changes in the efficacy of Kenyon cell output synapses 
ultimately causing changes in behavior. In addition, octopaminergic neurons might also 
modify projection neuron synapses in the antennal lobe and/or mushroom body calyx, 
which in itself is sufficient to trigger the conditioned behavior (Thum et al., 2007). 
 
Appendix 1.D. An aversive conditioning assay using gustatory reinforcement 
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Finally, we believe that the design of an aversive olfactory assay utilizing a bitter 
tastant as a negative reinforcer in place of the electric shock stimuli will usher in a new 
line of questions and experimental manipulations. Our preliminary data suggest that we 
will be able to develop a robust aversive conditioning paradigm using the bitter substance 
quinine rather than sugar as the reinforcement. Quinine is a naturally white crystalline 
alkaloid first used for treating malaria. The compound is extremely bitter and it has been 
demonstrated that larvae avoid quinine-tainted food with increasing tolerance directly 
proportional to periods of starvation (Wu et al., 2005). We generated an aversive learned 
response when we add 100mM quinine to the sucrose used in conditioning (Fig. Apx-7) 
(Krashes, unpublished). The rationale for including sucrose was to stimulate the fly to 
extend the proboscis and ingest sucrose. We were unsuccessful in our attempts to 
condition flies with quinine alone (in the absence of sucrose), presumably because these 
flies have no nutritional/caloric incentive to unfurl their labellum and consume the bitter 
tastant. However, mixing bitter compounds with low concentrations of sucrose has 
yielded behavioral responses using a taste preference assay (Thorne et al., 2004), 
proboscis extension response (Wang et al., 2004) and quadrant choice assay (Marella et 
al., 2006).  
Developing this assay will allow us to better compare the mechanisms of 
appetitive and aversive memory because both forms will utilize gustatory reinforcement 
rather than shock versus sugar. Thus, the specificity aspect lacking from the shock assay 
will be replaced by the well-defined gustatory input of bitter tastants. Although only one 
gustatory receptor has been defined for a noxious compound, Gr66a detects caffeine 
(Moon et al., 2006), silencing or ablating neurons that express Gr66a results in 
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diminished detection of a number of bitter compounds including berberine, caffeine, 
denatonium and quinine (Thorne et al., 2004; Wang et al., 2004). This type of paradigm 
could be used to determine if the biomine dopamine is required for all forms of aversive 
olfactory memory or if it is just specific to shock punishment. Studies in larvae suggest 
that dopamine will in fact encode the instructive signal for the unconditioned stimuli 
since these assys employ high salt as punishment (Schroll et al., 2006; Honjo et al., 
2009), but experiments in adults have yet to be performed. Furthermore, this assay will 
allow us to address whether fast consolidation to LTM is a property of memory that is 
appetitive or whether it is a common property of all memory that is food-related whether 
aversive or appetitive. Most of us can relate to the power of negative gustatory memory 
as taste aversion is one of the most familiar behaviors known to man. Almost everyone 
has experienced a food that has made them sick, either directly or indirectly, and has 
learned to avoid consuming that food again at a later date. This type of memory is 
particularly robust, can be learned after a single encounter and can last an entire lifetime. 
It will be interesting to assay taste aversion and the stability of this type of memory in 
flies as well. 
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Figure Apx-1. Disrupting output from Gr5a-positive neurons does not impair 
appetitive olfactory memory. Blocking synaptic transmission from Gr5a-expressing 
neurons has no adverse effect on sucrose-reinforced 3 hr olfactory performance. Error 
bars are SEM. There is no significant difference (p > 0.05) between the groups. 
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Figure Apx-2. Gustatory mutant analyses reveals a defect for Gr5a nulls in 
appetitive olfactory memory. (A). Gr64a null mutants display wild-type levels of 3 hr 
sucrose-reinforced olfactory memory, whereas Gr5a null mutants are deficient. Error bars 
are SEM. Asterisks denote a significant difference (p < 0.05) from all other unmarked 
groups. (B). All mutants show normal levels of performance for shock-reinforced 
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olfactory learning. Error bars are SEM. There is no significant difference (p > 0.05) 
between groups. 
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Figure Apx-3. Appetitive olfactory conditioning using artificial sweeteners. Flies can 
be trained with sucralose (Splenda), aspartame (Equal) and saccharin (Sweet & Low) to 
associate reward with odorants. 3 hr appetitive memory scores of flies trained with 
artificial sweeteners were statistically indistinguishable from each other but statistically 
significant from those trained with sucrose. Error bars are SEM. Asterisks denote a 
significant difference (p < 0.05) from all other unmarked groups. 
* 
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Figure Apx-4. Octopaminergic/tyraminergic neural circuitry. Partial brain 
projections of flies expressing CD8::GFP driven by Tdc2-GAL4 reveals cell bodies in the 
region of the SOG with unique arborizations to many areas of the central nervous system 
including the antennal lobes and mushroom bodies. 
Tdc2-GAL4; uasCD8::GFP 
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Figure Apx-5. Disrupting octopaminergic/tyraminergic circuitry does not impair 3 
hr appetitive olfactory memory. (A). Blocking synaptic transmission specifically 
during associative conditioning (training) has no adverse effect on 3 hr sucrose-
reinforced odor memory. Error bars are SEM. There is no significant difference (p > 
0.05) between groups. (B). Blocking synaptic transmission 2 days before conditioning 
and throughout training, storage and retrieval does not perturb 3 hr memory performance. 
There is no significant difference (p > 0.05) between groups. 
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Figure Apx-6. Octopamine receptor mutants have no appetitive olfactory memory 
phenotype. Both oamb and OA2 predicted null mutant fly lines display wild-type levels 
of 3 hr memory performance in the sucrose-reinforced olfactory paradigm, while TβH 
mutants are deficient in this assay. Error bars are SEM. Asterisks denote a significant 
difference (p < 0.05) from all other unmarked groups. 
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Figure Apx-7. Training flies with quinine punishment results in aversive olfactory 
memory. Wild-type flies were either trained normally with sucrose reward or trained 
with quinine in the presence of low concentration sucrose. Flies trained with the 
quinine/sucrose combination displayed avoidance behavior to the conditioned odorant 
during testing, while those trained with sucrose displayed attractive behavior to the 
conditioned odorant during testing. Error bars are SEM. Asterisks denote a significant 
difference (p < 0.05) from all other unmarked groups. 
* 
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